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Chapter I: General Introduction 
Dissertation Organization 
This dissertation consists of five chapters. Chapter I is a general introduction to the 
Chenopodiaceae-Amaranthaceae alliance, their taxonomic history, and morphology within the 
alliance. Chapter n consists of a paper prepared for publication entitled "ndhF Phytogeny of 
the Chenopodiaceae-Amaranthaceae Alliance." Chapter in is a paper prepared for 
publication entitled "Morphological Trends in the Chenopodiaceae-Amaranthaceae Alliance 
and their Taxonomic Significance." Chapter IV contains the description of a new species of 
Amaranthus prepared for publication entitled "A New Species of Amaranthus 
(Amaranthaceae) from Central Mexico, co-authored by Ivonne Sânchez-del Pino and Hilda 
Flores Olvera. Chapter Visa general conclusion. 
General Introduction and Statement of Research 
The Chenopodiaceae and Amaranthaceae (here collectively referred to as the 
Chenopodiaceae-Amaranthaceae alliance or Chen-Am alliance) are closely related families of 
the Caryophyllales, an order of Angiosperms traditionally consisting of 18 families and 8,600 
species circumscribed by free-central or basal placentation; curved embryos; presence of 
perisperm; beaked integuments; distinctive phloem plastid morphology; and betalain 
pigmentation (Judd et al. 2002). The Chen-Am alliance is of worldwide distribution, 
comprising approximately 169 genera and 2,400 species. The Amaranthaceae (ca. 69 genera 
and 1,000 species) are most diverse in the tropics while the Chenopodiaceae (ca. 100 genera 
1,400 species) are most diverse in temperate regions. The Chen-Am alliance is noted for the 
evolution of C* photosynthesis, halophytism, xerophytism, and a variety of breeding 
systems (Borsch et al. 2001). 
The Amaranthaceae and Chenopodiaceae morphologically are very similar and have 
long been considered a single evolutionary lineage. The Chen-Am alliance shares a core floral 
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formula of S sepals, 0 petals, S stamens and 2-3 carpels (Hershkovitz 1989). The alliance of 
the families is further strengthened by several synapomorphies, including a unique P-type 
plastid in the phloem sieve tubes and absence of a central plastid crystal, anomalous 
secondary growth, presence of isoflavones, and pantoporate pollen (Cronquist 1981; Rodman 
et al. 1984; Hershkovitz 1989). Monophyly of the Chen-Am alliance has been confirmed by 
molecular analyses (Manhart and Rettig 1994; Downie and Palmer 1994; Downie et al. 1997; 
Cuénoud et al. 2002). Traditionally the Chen-Am alliance has been split into two families, 
the Chenopodiaceae and Amaranthaceae based on three characters: stamen connation, sepal 
fleshiness, and sepal color (Table 1). 
The Chenopodiaceae-Amaranthaceae alliance is economically important, including the 
major crops beet {Beta vulgaris) and spinach (Spinacea oleracea) as well as two minor crops, 
quinoa (Chenopodium quinoa) and the grain amaranths (Amaranthus caudatus, A. cruentus, 
and A. hypochondriacus). The alliance also includes a large number of important agricultural 
and range weeds including species of Amaranthus, Chenopodium, Salsola, Kochia, and 
Halogeton (Mabberly 1997). 
The alliance is ecologically important in xeric and saline environments, and the 
Chenopodiaceae have been called "the most important family in the desert flora" (Shmida 
1985). The Chenopodiaceae are important elements of the flora of a xeric band running from 
the northwestern Sahara through central Asia to the Gobi desert and Mongolian Steppes, as 
well as in arid Australia, and the Great Basin of the United States (Shmida 1985; Welsh et al. 
1987; Kûhn 1993; Borsch et al. 2001). Some genera, including Salicomia, Allenrolfea, 
Arthrocnemum, and Traganum, are ecological indicator taxa of high (8-10%) salinity, while 
Atriplex and Kraschenninikovia are indicators of moderate salinity (Kûhn 1993). 
Together, the Chenopodiaceae-Amaranthaceae alliance forms a large, widespread, and 
diverse group of ecological and economical importance. Despite their importance, the Chen-
Am alliance has never been investigated phylogenetically. Establishing a phytogeny of the 
Chenopodiaceae-Amaranthaceae alliance is of great systematic interest, because it should shed 
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light on the evolution of many interesting biological phenomena known to occur in the 
alliance, such as evolution of C4 photosynthetic pathways, changes in breeding system, 
adaptations to xeric and saline environments, and weediness. 
Morphological and anatomical structures have not been well studied for the Chen-Am 
alliance. Extensive research of individual characters is necessary before a large 
morphologically based phylo genetic analysis can be performed. Ovule number, anther locule 
number, embryo shape, and various sepal and leaf characters have been used for subfamily 
and tribal classifications (Kûhn 1993; Townsend 1993; Judd et al. 2002). However, neither 
the subfamilies and tribes nor the characters upon which they are based have been 
investigated within an evolutionary context 
The objectives of this study are twofold: 1) to establish a phylogenetic hypothesis for 
the evolution of the Chen-Am alliance based on ndhF gene sequence data; and, 2) to 
investigate morphological trends in the alliance in an evolutionary context and to explore their 
taxonomic utility. Examination of morphological specimens led to the discovery of a new 
species of Amaranthus. While the description of a new species was not a primary goal of 
this research, it demonstrates the continued need for species level work within the alliance. 
Previous Work in the Chenopodiaceae-Amaranthaceae Alliance 
TAXONOMIC HISTORY AND SUBFAMILIAL CLASSIFICATIONS OF THE 
CHENOPODIACEAE-AMARANTHACEAE ALLIANCE 
The Chenopodiaceae and Amaranthaceae alliance historically have been considered 
closely related based on morphology (Hershkovitz 1989). Accordingly, Cronquist (1981: 
266) observed that "the Amaranthaceae are obviously allied to the Chenopodiaceae, and the 
two families stand side by side in virtually all systems of classification. Together they 
constitute the irreducible, archetypical core of their order." 
The first systematic treatments of the Chen-Am alliance date from the early 
Nineteenth Century (Dumortier 1827; Moquin-Tandon 1849). As such they predate modern 
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subfamily ranks (subfamily, tribe, subtribe) and their standardized endings. However, many 
of the "suborders", "tribes", and "subtribes" of these early subfamilial circumscriptions are 
still recognizable as the subfamilies and tribes of more recent classification systems (Table 2). 
Three points are noteworthy from an historic overview of the taxonomy of the Chen-
Am alliance (Table 2). First, the taxonomy of the Amaranthaceae has been much more stable 
than that of the Chenopodiaceae. The current systematic treatment of the Amaranthaceae 
consisting of two subfamilies, as well as the tribal circumscriptions of the Amaranthoideae 
dates to Schinz (1892). Second, subfamilial classifications of the Chenopodiaceae differ 
mainly in circumscription and rank of taxa, but they tend to share nine "core" groups at the 
tribal level (Atripliceae, Beteae, Camphorosmeae, Chenopodieae, Corispermeae, 
Polycnemeae, Salicomieae, Salsoieae, and Suadeae). Third, historically the Polycnemoideae 
has been placed in either the Amaranthaceae or the Chenopodiaceae (indicated in bold, Table 
2). 
The taxonomic treatment of subfamily Polycnemoideae is of particular interest and 
illustrates the difficulties of maintaining the traditional two-family classification of the Chen-
Am alliance. Polycnemoideae is a small subfamily of three genera with disjunct distributions: 
Polycnemum (Eurasia), Nitrophila (North America), andHemichroa (Australia). 
Polycnemoideae has been considered intermediate between the families (Volkens 1892; 
Ulbrich 1934; Kûhn 1993) based on connation of stamen filaments. 
While the classification of die Amaranthaceae has remained stable for over a century, 
the classification of the Chenopodiaceae has been much less well accepted. Much of the 
controversy revolves around the significance of two correlated characters, embryo type and 
presence of perisperm. The "Cyclolobeae" have an annular embryo curved around the 
abundant perisperm, while the "Spirolobeae" have a spirally coiled embryo with perisperm 
scanty or lacking. These two categories dominate classification systems of the Nineteenth 
Century (Table 2). The division of the Chenopodiaceae s.l. into subfamilies based on embryo 
type and absence of perisperm has been supported by Blackwell (1977), who classified them 
5 
at the subfamilial level, the Chenopodiodeae (=Cyclolobeae) and Salsoloideae (=Spirolobeae), 
and Scott (1977b). 
Based on the spiral/annular embryo character, Scott (1977b) proposed that the 
"Cyclolobeae" be retained as the Chenopodiaceae s.s., while the "Spirolobeac" should be 
classified in their own family, the Salsolaceae. Much of Scott's (1977b) argument rests on 
the clear-cut historical acceptance of the Cyclolobeae and Spirolobeae at what corresponds to 
a modern subfamily ranking, citing Volkens (1892) and Ulbrich (1934) among others as 
evidence for this view. However, while Volkens (1892) clearly used the Cyclolobeae and 
Spirolobeae in his classification at the subfamily level, the position of Ulbrich (1934) is less 
clear, as the Cyclolobeae and Spirolobeae appear as merely "informal" rankings and not part 
of his official classification (Table 2). A careful study of both texts makes clear that both 
Volkens (1892) and Ulbrich (1934) considered the Cyclolobeae and Spirolobeae as "practical" 
but "unnatural" groupings. Indeed, Volkens (1892) felt that the Camphorosmeae (with an 
annular "Cyclolobeae" type embryo) are more closely related to the Salsoloideae (with the 
spiraled "Spirolobeae" type embryo) than to other members of the Chenopodioideae 
(Cyclolobeae). This hypothesis has been supported in a recent molecular phylogenetic 
analysis (Downie et al. 1997). 
Scott's (1977a) taxonomic view of the Chen-Am alliance was further elaborated to 
include the Amaranthaceae. Under Scott's (1977a) expanded view the alliance split into four 
families and five lineages: Chenopodiaceae s.s., Salicomiaceae, Salsolaceae, Amaranthaceae 
subf. Amaranthoideae, and Amaranthaceae subf. Gomphrenoideae (Table 2). However, the 
relationship of these lineages to one another was not explored, nor did Scott (1977a) erect 
subfamily or tribal taxa. 
The most commonly accepted classification of the family is that of Kûhn (1993). 
Kïïhn's (1993) classification maintains the taxa with spiral embryos as Salsoloideae, but 
splits the taxa with annular embryos into three subfamilies (Chenopodioideae, 
Polycnemoideae, and Salicomioideae). 
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The classification of Williams and Ford-Lloyd (1974) based on phonetic analysis of 
eighteen characters and 36 taxa, is fairly divergent from traditional circumscriptions in raising 
Beteae to the rank of subfamily. They classified the Chenopodiaceae into three subfamilies 
(although they mistakenly used tribal endings): Chenopodieae (includes Salicomioideae), 
Beteae, and Salsoieae (including Polycnemoideae). 
Carotin (1983) used leaf trichomes and other morphoanatomical characters to create an 
evolutionary hypothesis for the Chen-Am alliance. Carotin's (1983) hypothesis is a radical 
departure from previous work in several ways, because: 1) the Amaranthaceae are clearly 
embedded in a paraphyletic Chenopodiaceae; 2) the spiral embryo was hypothesized to have 
multiple origins and the Salsoloideae were held to be polyphyletic; and 3) Volken s (1892) 
hypothesis of the close relationship of the Camphorosmeae to the Salsoloideae was upheld. 
SARCOBATUS 
Sarcobatus traditionally has been classified in the Chenopodiaceae, belonging to its 
own tribe and subfamily classified near the Salsoloideae based on the shared spiral embryo 
type. However, Sarcobatus lacks the typical sieve-element plastids unique to the Chen-Am 
alliance (Behnke 1993; 1994). Plastid ORF 2280 (Downie et al. 1997) and rbcL (Clement and 
Mabry 1996) sequence data indicate that Sarcobatus is essentially unrelated to the Chen-
Ams, grouping rather with members of the Phytolaccaceae and Nyctaginaceae. Based on this 
evidence Behnke (1997) transferred Sarcobatus to its own family, the Sarcobataceae. 
MOLECULAR SYSTEMATICS OF THE CHENOPODIACEAE-AMARANTHACEAE 
Molecular work on the Caryophyllales demonstrates the complex relationship 
between the Chenopodiaceae and Amaranthaceae and the need for further research to clarify 
their phytogeny. These studies have shown: 1) the alliance as a whole is strongly supported 
as monophyletic (Manhart and Rettig 1994; Downie and Palmer 1994; Downie et al. 1997; 
Cuenoud et al. 2002); 2) the placement of the alliance within the order is controversial, with it 
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appearing as basal based on restriction analysis of the plastid inverted repeat (Downie and 
Palmer 1994); sister to the Achatocarpaceae with the Chenopodiaceae-Amaranthaceae-
Achatocarpaceae clade sister to Caryophyllaceae based on plastid gene sequences (Manhart 
and Rettig 1994; Cuénoud et al. 2002); and sister to Caryophyllaceae (although the data do 
not include the Chen-Am's putative sister family, the Achatocarpaceae) based on chloroplast 
ORF 2280 sequence data (Downie et al. 1997); and, 3) either the Chenopodiaceae are 
paraphyletic (Manhart and Rettig 1994) or the Amaranthaceae are polyphyletic (Downie et 
al. 1997). These studies are contradictory in their placement of the Amaranthaceae in relation 
to the Chenopodiaceae, but as Manhart and Rettig (1994) point out, all studies to date are 
based on limited sampling and relationships are likely to change as sampling within the 
alliance improves. 
MORPHOLOGY OF THE CHENOPODIACEAE-AMARANTHACEAE ALLIANCE 
Despite the morphological synapomorphies tying the Chenopodiaceae and 
Amaranthaceae together, they traditionally have been separated based on three characters: 
stamen connation, sepal fleshiness, and sepal color (Table 1 ; Judd et al. 2002). Numerous 
exceptions to these characters occur. Amaranthus has free stamens, while Polycnemoideae 
(often placed in Chenopodiaceae) have connate stamen filaments. Sepal fleshiness is often 
difficult to determine, especially on herbarium specimens, and the fleshiness terms 
(membranous, fleshy, papery, and scarious) have never been well described. Flower color 
often segregates within populations of a single species (i.e., species of Amaranthus and 
Chenopodium). Due to a lack of any reliable characters, classification of the Amaranthaceae 
and Chenopodiaceae as separate families has been termed as artificial (Hegi 1911) and 
arbitrary (Judd et al. 2002). 
The alliance varies vegetatively in the presence/absence of well-developed leaves as 
well as in phyllotaxy. The C4 photosynthetic pathway has been hypothesized to have arisen 
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multiple times within the alliance and some genera including A triplex, Bassia, and Suaeda, are 
polymorphic for the C3 and C* pathways (Kûhn 1993; Jacobs 2001). Plant habit varies from 
herbaceous annuals to shrubs, lianas and small trees. Salicornioideae (a subfamily of 
halophytes) is notable for its succulent stems. 
Some floral characters may be taxonomically informative within the Chenopodiaceae-
Amaranthaceae alliance, although the characters used to support the separation of the Chen-
Am alliance into the traditional families are of questionable taxonomic utility. Potentially 
informative floral characters include sepal number; sepal connation; the presence of perianth 
appendages (i.e. hooked arms or wings) on the mature, fruiting perianth; and dispersal unit 
Stamen variation is potentially important within the alliance. The Amaranthaceae 
have been diagnosed based on the connation of stamen filaments. Anther locule number has 
been used in the classification of subfamilies of the Amaranthaceae, Gomphrenoideae being 
diagnosed by presence of monothecal anthers, a putative synapomorphy for the subfamily. 
All tribes of the alliance have a solitary ovule, except the Celosieae which have 
multiple ovules. This character state has been used to diagnose the tribe, but the significance 
of ovule number within the alliance has never been explored, although Cronquist (1981) 
postulated a sister relationship between Celosieae and the rest of the alliance based on the 
multi-ovulate condition. 
The unit of dispersal (diaspore) within the Chenopodiaceae-Amaranthaceae alliance 
has received scant attention within the literature, but may be taxonomically and 
phylogenetically informative. The fruit of the Chen-Am alliance tends to be a single seeded 
indehiscent utricle (or achene in the European literature). However, some taxa have dehiscent 
fruits, and a few taxa (i.e., Bosea, Deerhtgia, Chenopodium spp., and Rhagodia) have true, 
fleshy berries. Diaspores within the Chen-Am alliance include the seed, fruit, anthocarp (a 
fruit that is dispersed enclosed within the adherent, but not adnate, perianth), and multiples 
(dispersal of inflorescences). The dispersal of anthocarps is usually only indirectly noted in 
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floristic and taxonomic literature with the somewhat vague statement "calyx persistent in 
fruit", and many illustrations of "fruits" in actuality represent anthocarps. 
Floral bract number varies within the alliance between zero, one, two, and three. 
Bract number has been used as a diagnostic character for several tribes (Atripliceae, Salsoieae) 
as well as for the Amaranthaceae s.s. Persistence of the bracts in fruit and subsequent 
dispersal with the diaspore is another important feature. 
Despite the ecological and economical importance of the Chenopodiaceae-
Amaranthaceae, there has never been a large-scale morphological analysis. Morphological 
variation within the alliance has not been considered within an evolutionary context and the 
taxonomic importance of this variation is controversial, as demonstrated by the case of 
embryo shape. This controversy is illustrated by Judd et al. (2002) who stated that many of 
the subfamilies and tribes "are probably not monophyletic." 
10 
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Table 1. Diagnosis of the Amaranthaceae and Chenopodiaceae Based on 
Morphological Characters. 
Stamen Connation Sepal fleshiness Sepal color 
Amaranthaceae Connate Membranous Red 
Chenopodiaceae Distinct Fleshy Green 
f 
TABLE 2. Historical CircumicriplioM of (he Amaranthaceae and Chenopodiaceae. S A V = Schinz (1892) and Volkens (1892); S A U «Schinz 
(1934) and Ulbrich (1934); T&K-Townscnd (1993) and Kuhn (1993), Position of Polycnemoideae indicated boldface. 
Dnmortier(lS27) Moquin-Tandon (1849) S & V (1*92) S & U (1934) T&K (1993) Scott (1977) 
Amaranthaceac Amaranlhaceae Amaranthaceae Amaranlhaceae Amaranthaceae Amaranthai»/«fi 
Amaranthoideae Amaranthoideae Amaranthoideae Amaranthoideae 
Celosieae Celosieae Celosieae Celosieae (includes 
Achyranlheae Polycnemoideae) 
Amarantcac Amaiantheae Amarantheae Amarantheae 
Acrvcae 
Desmocheatcae 
Polycnemeae 
Gomphrencac Gomphrenoideae Gomphrenoideae Gomphrenoideae Gomphrenoideae 
Gomphrencac Pscudoplantagcac 
Brayulineae Gompieneae 
"Atriplicgw" "Salsolaceae" Clrcnopodiaccac Chenopodiaceac Clrcmrnxliaccae Chenopodiaceae ss. 
Anserincae Cyclolobeae Cyclolobeae Chenopodioideae 
Chenopodieac Beteae Betoideae Beteae 
Beteae Beteae 
Bliteac Bliteae Hablitzieae 
Spinacieae Spinacieae Chenopodioideae 
Chenopodieac Chenopodieac Chenopodieac 
Atripliceae Atripliceae Atripliceae 
Camphorosmeae Camphorosmeae Camphorosmeae Camphorosmeae 
Sclerolaeneae 
Corispetmeae Corispermoidcae Corispermcac 
Salicomieae Salicomieae Salicomieae Salicomioidcae Salicomioidcae Salicomiaceae 
Polycnemeae Halopcplideae Halopcplideae 
Salicomieae Salicomieae 
Spirolobeae Spirolobeae Salsoloideae Salsoloideae Salsolaceae 
Suaedeae Suaedeae Suaedeae Suadeae Saicobateae 
Salsoieae Salsoieae Salsoieae Salsoieae Salsoieae 
Sarcobatideae Nucularieae 
Suacdoideae 
Biencrtieae 
Suaedeae Suaedeae 
Polycnemeae Polycnemoideae Polycnemoideae 
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Chapter II: ndhF Phytogeny of the Chenopodiaceae-Amaranthaceae Alliance 
(D.B. Pratt, L.G. Clark, and R.S. Wallace) 
Abstract 
Sequence data of the plastid ndhF gene were used to reconstruct a phytogeny of the 
Chenopodiaceae-Amaranthaceae alliance. A total of 47 genera and 54 species from the 
alliance were analyzed using maximum parsimony, Bayesian, maximum likelihood, and 
distance based analyses. Analyses reveal a monophyletic Chenopodiaceae-Amaranthaceae 
with Phaulothamnus (Achatocarpaceae) sister and Caryophyllaceae sister to the 
Chenopodiaceae-Amaranthaceae-Achatocarpaceae clade. Chenopodiaceae as currently 
circumscribed is paraphyletic. The alliance breaks into a polytomy of four monophyletic 
lineages: 0 Amaranthaceae-Polycnemoideae, ii) Chenopodieae-Atripliceae, iii) Beteae, and iv) 
a clade containing Salsoloideae, Salicomioidcae, and Sclerolaeneae-Camphorosmeae (from 
Chenopodioideae). 
Introduction 
The Chenopodiaceae and Amaranthaceae (here collectively referred to as the 
Chenopodiaceae-Amaranthaceae alliance or Chen-Am alliance) are closely related families of 
the Caryophyllales, an order of angiosperms traditionally consisting of eighteen families and 
8,600 species circumscribed by free-central or basal placentation, curved embryos, presence 
of perisperm, beaked integuments, distinctive phloem plastid morphology, and betaiain 
pigmentation (Judd et al. 2002). The Chen-Am alliance is of worldwide distribution, 
comprising approximately 169 genera and 2,400 species. The Amaranthaceae (ca. 69 genera 
and 1,000 species) are most diverse in the tropics while the Chenopodiaceae (ca. 100 genera 
1,400 species) are most diverse in temperate regions. The Chen-Am alliance is noted for the 
evolution of C4 photosynthesis, halophytism, xcrophytism, and a variety of breeding 
systems (Borsch et al. 2001). 
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Traditionally the close relationship of the Chenopodiaceae and Amaranthaceae has 
been recognized based on a core floral formula consisting of 5 sepals, 0 petals, 5 stamens, and 
2-3 carpels (Hershkovitz 1989). Other characters supporting the close sister relationship of 
the two families include an unusual P-type plastid in the phloem sieve tubes which also lack a 
central plastid crystal, anomalous secondary growth, presence of isoflavones, and 
pantoporate pollen (Cronquist 1981; Rodman et al. 1984; Hershkovitz 1989; Behnke 1994). 
Accordingly, Cronquist (1981:266) stated, "The Amaranthaceae are obviously allied to the 
Chenopodiaceae, and the two families stand side by side in virtually all systems of 
classification. Together they constitute the irreducible, archtypical core of their order." The 
Chen-Am alliance has been established as a monophyletic lineage based on molecular analyses 
of the Caryophyllales (Manhart and Rettig 1994; Downie and Palmer 1994; Downie et al. 
1997; Cuénoud et al. 2002). 
Maintenance of the Chen-Am alliance as two families has been questioned recently. 
Judd et al. (2002) have combined the families into a single, large Amaranthaceae s.l., based on 
their overwhelming morphoanatomical similarities and the seeming lack of any consistently 
diagnosable differences between the two, as well as recent molecular evidence. 
To date there have been no molecular studies of the Chenopodiaceae-Amaranthaceae 
alliance; although several molecular based studies have been published on the Caryophyllales 
(Manhart and Rettig 1994; Downie and Palmer 1994; Downie et al. 1997; Cuénoud et al. 
2002). While such studies are of limited value for establishing relationships among the Chen-
Am alliance, they are important for establishing the placement of the alliance within 
Caryophyllales and subsequent outgroup selection and in establishing the Chenopodiaceae-
Amaranthaceae alliance as a monophyletic lineage. 
Phytogenetic analyses of Caryophyllales are incongruent in their placement of the 
Chenopodiaceae-Amaranthaceae alliance. Rodman et al. (1984) place the Chen-Am alliance 
sister to Nyctaginaceae based on morphology. Downie and Palmer (1994) place the alliance 
as basal to the order based on RFLP analysis of the chloroplast inverted repeat. Several 
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studies have placed the Chenopodiaceae-Amaranthaceae as sister to Caryophyllaceae based 
on rbcL (Manhart and Rettig 1994), ORF 2280 (Downie et al. 1997), and a combined rbcL, 
atpB, and matK data set (Cuénoud et al. 2002). 
An important finding is that whenever Achatocarpaceae has been included in the data 
set, the Chenopodiaceae-Amaranthaceae alliance is resolved as sister to it, with the 
Chenopodiaceae-Amaranthaceae-Achatocarpaceae clade being sister to Caryophyllaceae 
(Manhart and Rettig 1994; Cuénoud et al. 2002). Additionally, recent work on angiosperm 
phytogeny, as well as the phytogeny of Caryophyllales and Polygonales, has shown 
Asteropeia, Physena, and Simmondsia to belong to the basal grade of Caryophyllales. The 
Caryophyllales has also been shown to be sister to Polygonales, including Droseraceae, 
Nepenthaceae, Plumbaginaceae, and Polygonaceae (APG 1998; Cuénoud et al. 2002). 
For this study we reconstructed a phytogeny of the Chenopodiaceae-Amaranthaceae 
alliance based on plastid-encoded ndhF gene sequence data, using current classification 
schemes (Kûhn 1993; Townsend 1993) as a guide for taxon sampling. Our goals were to test 
monophyly of the families Amaranthaceae and Chenopodiaceae, as well as monophyly of 
currently held subfamilies and tribes. 
Materials and Methods 
MATERIALS 
Forty-seven genera and 54 species from the Chenopodiaceae-Amaranthaceae alliance 
were sampled using current taxonomic relationships (Kûhn 1993; Townsend 1993) as a guide 
(Table 1). This taxon sampling includes representatives of all currently recognized 
subfamilies and tribes except the monotypic Pseudoplantageae of Gomphrenoideae, and 
Halopeplideae of Salicomioideae. Multiple species were sampled from the large genera 
Alternanthera, Amaranthus, Atriplex, Charpentiera, Chenopodium, and Suaeda. 
A total of thirteen taxa from outside the Chenopodiaceae-Amaranthaceae alliance were 
chosen as outgroups, including representatives from various clades of Caryophyllales and 
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Polygonales as suggested from the literature (Manhart and Rettig 1994; Downie et al. 1997; 
APG 1998; Cuénoud et al. 2002). These taxa include members of nine families: 
Achatocarpaceae, Basellaceae, Caryophyllaceae (three taxa), Molluginaceae, Nyctaginaceae, 
Phytolaccaceae, Sarcobataceae, and Stegnospermaceae within Caryophyllales, and 
Plumbaginaceae and Polygonaceae (two taxa) from Polygonales (Table 1). 
SEQUENCING METHODS 
DNA was extracted following a CTAB protocol (Doyle and Doyle 1987) or using the 
Quiagen DNEasy kit (Quiagen, Valencia, California). Overlapping 5' and 3' amplicons of the 
cpDNA ndhF gene were amplified in separate 50 |il reactions following the protocols of 
Applequist and Wallace (2001). Amplification and sequencing primers (Applequist and 
Wallace 2001) were modified as appropriate for the Chenopodiaceae-Amaranthaceae (Table 
2). Five |il of amplification product were electrophoresed on 1% agarose gels, stained with 
ethidium bromide, and visualized and quantified under UV light Amplification products 
were cleaned and purified using microcon DNA filters. Purified products were subsequently 
sequenced in five (Table 3) 20 gl reactions using 8 pi ABI Prism BigDye Terminator diluted 
1:3 and 1 |il primer at 5 pm/pl, and 100 ng DNA template in 11 pi ddH20. Sequencing 
reaction products were precipitated and sent to the Iowa State DNA Sequencing Facility and 
run using automated sequencing gels. 
SEQUENCE ALIGNMENT 
ndhF sequences were aligned manually using Se-Al 1.01 (Rambaut 1996). Aligned 
sequences were 1993 bp long excluding gaps. Missing data were scored as T\ 
Autapomorphic indels were removed from the data set, and parsimony informative indels 
were removed and rescored as binary characters following the recommendations of Simmons 
and Ochoterena (2000). The region from 1450-1560 is particularly variable. Overlapping 
indels within this region make homology assessment uncertain. Subsequently, the region was 
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removed from analysis. The resulting matrix was 1856 characters by 67 taxa, of which 8% 
were missing data. Sequences were realigned for one analysis using Phaulothamnus as the 
sole outgroup. The realigned data set allowed for the inclusion of the deleted region 
(corresponding to 1450-1560 above). The resulting matrix was 1933 characters long, of 
which 7% were missing. Eleven analyses were run using varying outgroup and ingroup 
combinations, total number of taxa, matrix length, and percent missing data are reported for 
each analysis (Table 4). 
PARSIMONY ANALYSIS 
Phylogenetic analyses were conducted using maximum parsimony analysis in PAUP* 
4.0 (Swofford 1998). Heuristic searches were run using 10,000 random addition sequences to 
search for the shortest tree across tree space using tree-bisection-reconnection (TBR) branch 
swapping with ten trees held at each step. Tree support was estimated using bootstrap and 
decay indices. 1,000 bootstrap replicates were conducted using TBR branch swapping. 
Decay indices were calculated using heuristic searches of tree space up to five steps longer 
than the most parsimonious trees. Strict consensus trees were calculated for each step and 
the decay indices were scored by hand. 
Outgroup substitution was used due to uncertainty regarding the position of the 
Chenopodiaceae-Amaranthaceae within Caryophyllales and to test the effect of outgroup 
selection on topology of the Chenopodiaceae-Amaranthaceae alliance. Full heuristic and 
support analyses were run eleven times using varying combinations of outgroup/ingroup taxa 
(Table 1), with the Chenopodiaceae-Amaranthaceae alliance included in the ingroup in all 
analyses, although ingroup and outgroup selection varied among the separate analyses as 
follows: i), all others as outgroup; ii) Polygonales outgroup, Caryophyllales ingroup; iii) 
Fagopyrum, Plumbago, Basella, Mollugo, Ulecebrum, and Phaulothamnus outgroup; iv) 
Fagopyrum, Plumbago outgroup, Basella, Mollugo, Ulecebrum, Phaulothamnus ingroup; v) 
Fagopyrum, Plumbago outgroup, Basella, Mollugo, Caryophyllaceae and Phaulothamnus 
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ingroup; vi) Fagopyrum outgroup, Mecebrum and Phaulothamnus ingroup; vii) Mollugo and 
Basella outgroup, Caryophyllaceae and Phaulothamnus ingroup; viii) Caryophyllaceae 
outgroup, Phaulothamnus ingroup; ix) Mecebrum outgroup, Phaulothamnus ingroup; x) 
Phaulothamnus outgroup; and xi) Phaulothamnus outgroup, data set edited to include deleted 
characters. 
BAYESIAN ANALYSIS 
Bayesian analysis was conducted using MrBayes 2.01.1 for Macintosh (Huelsenbeck 
and Ronquist 2001) with). Due to intensive run times, the entire data set, including all taxa 
(Table 1), was analyzed once and outgroup substitutions were not performed. The four 
binary coded indels were removed from the data set previous to analysis, and PAUP* 4.0 
(Swofford 1998) was used to calculate base frequencies across taxa. Deviation of base 
frequencies away from the expected values was statistically insignificant. Bayesian analysis 
was therefore conducted using a two-parameter transition/transversion ratio (HKY model) 
plus gamma model of among site variation. The Monte Carlo Markov Chain was run for 
1,000,000 generations and trees were saved every 100 generations. 
Tree likelihoods were visually examined and the bum-in region was determined to 
cover up to generation 60,000 (=600 trees). The bum-in region trees were deleted from 
analysis and the remaining 9,400 trees were imported into PAUP * 4.0 and trees were rooted 
using Polygonales (Swofford 1998). A 50% majority rule consensus tree was calculated to 
show posterior probabilities of all clades >50%. 
MAXIMUM LIKELIHOOD ANALYSIS 
Maximum likelihood was conducted using PAUP* 4.0 (Swofford 1998). Fifteen taxa 
(Achyranthes, Altemanthera caracasana, Amaranthus retroflexus, Atriplex truncata, Bassia, 
Charpentiera obovata, Froelichia, Sclerolaena, Suaeda calceoliformis, Aptenia, Mirabilis, 
Phytolacca, Rheum, Sarcobatus, Stegnosperma) were pruned from the analysis to 
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accommodate intensive run times. Taxa were eliminated preferentially based on the following 
criteria: 1) taxa represented by multiple species; 2) taxa with missing data; 3) taxa that were 
previously determined in parsimony and Bayesian analyses to belong at the tips of well 
resolved clades; and 4) outgroup taxa that were determined to have a minimal contribution to 
phylogenetic structure of the ingroup. The pruned data set was analyzed once, and outgroup 
substitutions were not performed due to lengthy run times. Maximum likelihood was run 
using a two-parameter transition/transversion ratio (HKY model). Among site variation was 
set to gamma distribution using the 0.5 default level of PAUP*. 
Tree support was estimated using bootstrap in PAUP* 4.0 (Swofford 1998). 100 
maximum likelihood bootstrap replicates were conducted using the HKY plus gamma model 
and SPR branch swapping. Starting trees were estimated using neighbor joining and each 
bootstrap replicate was limited to one hour due to intensive run times. 
DISTANCE ANALYSIS 
Neighbor joining distance based analysis was run using PAUP* 4.0 (Swofford 1998) 
and rooted using Mollugo and Basella (data set equivalent to outgroup substitution vii). The 
effect of differing distance measures was explored and neighbor joining trees were constructed 
using the following distance measures: 1) a Kimura 2-parameter model; 2) Tajima-Nei 
distances; and 3) Jukes-Cantor distances. Neighbor joining analyses were run twice for each 
of the distance measures, once with among site variation set to equal rates, and once with 
among site variation set as a gamma distribution. 
Results 
PARSIMONY ANALYSES 
The aligned data set contained eighteen indels that were variously coded (Table 3). 
Phylogenetic analyses of the eleven outgroup substitutions yielded similar results. Tree 
lengths and number of parsimony informative characters were not comparable across trees 
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due to differing combinations of taxa used in each analysis. However, all trees were similar in 
terms of consistency indices (Table 3). In general, consistency indices rose slightly as more 
distantly related taxa were eliminated from outgroup comparisons. 
The Chenopodiaceae-Amaranthaceae alliance was supported as monophyletic (73% 
bootstrap, decay index 5; Figure 1) sister to Achatocarpaceae (100%, 5+). Caryophyllaceae 
was supported as a monophyletic lineage sister to the Chenopodiaceae-Amaranthaceae + 
Achatocarpaceae (analyses ii, v, vii). However, the branch leading to Caryophyllaceae is a 
long one, and Mecebrum alone was insufficient as an outgroup. The most stable results were 
obtained either by rooting the analyses with more distant taxa or by including multiple taxa of 
Caryophyllaceae. Although Phaulothamnus is strongly supported as sister to the alliance it 
was not sufficient to resolve the monophyly of the alliance (analyses x-xi). Parsimony 
analyses are therefore here represented by the analysis viii which used Caryophyllaceae as 
the outgroup (Figure 1). 
The Amaranthaceae (92%, 5+) as resolved by ndhF gene sequence Hata is 
monophyletic and nested within a paraphyletic Chenopodiaceae (Figure 1). The Chen-Am 
alliance breaks into a polytomy of four monophyletic clades in all analyses (excepting 
analyses ix-xi): 1) Amaranthaceae + Polycnemoideae; 2) a Chenopodieae-Atripliceae clade; 3) 
Beteae; and 4) a Salicomioideae-Salsoloideae clade that includes tribes 
Sclerolaeneae/Camphorosmeae of the Chenopodioideae. The relationship of these clades to 
one another is unsupported in all analyses. Subfamilies and tribes of the Chenopodiaceae are 
not supported as monophyletic lineages and subfamily Chenopodioideae is polyphyletic. 
Within clades, topology differs only in the placement of Kraschenirmikovia and 
Agriophyllum. 
BAYESIAN ANALYSIS 
The 50% majority rule consensus tree yields a well-supported phylogeny (Figure 2) 
similar to that of the parsimony analyses with two minor exceptions. Bayesian analysis 
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resolves Agriophyllum as sister to the rest of the Chenopodieae-Atripliceae clade, and 
Kraschenirmkovia as sister to the Einadia, Chenopodium, Atriplex clade, while parsimony 
analysis places Agriophyllum and Kraschenirmkovia in a polytomy within the Chenopodieae-
Atripliceae clade. 
MAXIMUM LIKELIHOOD ANALYSIS 
Maximum likelihood analysis yields a single tree with a score of 18109.26 (Figure 3). 
The maximum likelihood tree resolves a monophyletic Amaranthaceae-Polycnemoideae 
nested within a paraphyletic Chenopodiaceae. The Amaranthaceae-Polycnemoideae clade is 
sister to the Chenopodieae-Atripliceae clade, the Beteae clade is sister to Amaranthaceae-
Polycnemoideae- Chenopodieae-Atripliceae, and the Salicornioideae-Salsoloideae clade is 
sister to the Amaranthaceae-Polycnemoideae- Chenopodieae-Atripliceae-Beteae. 
Krascheninnikovia is resolved as sister to the rest of the Chenopodieae-Atripliceae, and 
Agriophyllum is sister to the Chenopodieae-Atripliceae plus Krascheninnikovia clade. 
DISTANCE ANALYSES 
Kimura 2-parameter and Jukes-Cantor distances resolved identical trees. The Tajima-
Nei analysis differed only in placement of Krascheninnikovia and Agriophyllum. Distance 
analyses are here represented by the Kimura 2-parameter tree (Figure 4). All distance 
measures differed from other types of analyses in resolution of the Amaranthaceae. Distance 
analyses resolve Bosea as sister to Charpentiera. The Charpentiera/Bosea lineage is sister to 
the Amaranthus-Cclosicae lineage. 
Distance analysis yields a topology congruent to maximum-likelihood analysis 
regarding the placement of the Chenopodieae-Atripliceae clade as sister to Amaranthaceae-
Polycnemoideae. Distance analyses differ from maximum-likelihood and Bayesian analyses 
by placing the Beteae clade as sister to the rest of the Chen-Am alliance. 
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Discussion 
SARCOBATUS AND MONOPHYLY OF THE CHENOPODIACEAAE-
AMARANTHACEAE ALLIANCE 
Sarcobatus traditionally has been classified within Chenopodiaceae. Recent work has 
questioned this placement based on anatomical grounds (Behnke 1993; 1994) leading to its 
recognition within its own family (Behnke 1997). The present analysis confirms the 
placement of Sarcobatus in a clade also containing Nyctaginaceae and Phytolaccaceae as 
previously found by Downie et al. (1997) and Cuénoud (2002). 
CHENOPODIACEAE-AMARANTHACEAE ALLIANCE 
With the exclusion of Sarcobatus, the Chenopodiaceae-Amaranthaceae alliance is 
moderately supported (75% bootstrap and 5 decay index) as a monophyletic lineage. Within 
the alliance, the Amaranthaceae are well supported as monophyletic but are nested within a 
paraphyletic Chenopodiaceae, and are sister to the Polycnemoideae (66%, 2). The traditional 
subfamilies and tribes of Chenopodiaceae are not supported as monophyletic lineages. In 
particular, subfamily Chenopodioideae as currently circumscribed is polyphyletic and tribes 
Scierolaeneae and Camphorosmeae are resolved as members of the Salicomioideae-
Salsoloideae. 
AMARANTHACEAE-POLYCNEMOIDEAE 
The Amaranthaceae are supported as a monophyletic lineage (92%, 5+) sister to the 
monophyletic Polycnemoideae (100%, 5+) in all analyses. Within Amaranthaceae, the 
Gomphrenoideae form a strongly supported monophyletic lineage (99%, 5+) nested within a 
paraphyletic Amaranthoideae. Tribe Celosieae is only weakly supported (67%, 2) as 
monophyletic, and is embedded within the Amarantheae. 
Traditionally, the Amarantheae have been split into two subtribes: 1) Amaranthine 
here corresponding to Amarantheae 1; and 2) Aervinae, here corresponding to Amarantheae 2. 
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Parsimony, Bayesian, and maximum likelihood analyses show Aervinae nested within a 
paraphyletic Amaranthinae (Figure 1-3). Distance analyses split Amaranthinae and Aervinae 
into sister groups (Figure 4), but, both subtribes are shown to be paraphyletic, Amaranthinae 
by exclusion of the Celosieae and Aervinae by exclusion of Gomphrenoideae. 
Bosea is traditionally circumscribed within Amaranthinae, but is placed in 
Amarantheae 2 by parsimony, Bayesian, and maximum likelihood analyses (Figure 1-3), 
whereas distance analyses place Bosea within a more basal clade sister to Charpentiera 
(Figure 4), a placement more consistent with its circumscription within Amaranthinae. A 
more basal placement of Bosea is congruent with phylogenetic analyses of rbcL (Borsch et 
al., in prep). The incongruent placement of Bosea indicates that further phylogenetic 
analysis within Amaranthaceae is warranted with an increased focus on the putatively more 
basal members of the lineage. 
Gossypianthus and GuiHeminea are genera of Gomphrenoideae that share a similar 
habit, appearance, and habitat that leading to their combination within Guilleminea based on 
morphological characters (Mears 1967), although the combination of the taxa has been 
questioned (Henrickson 1987). ndhF data support the maintenance of Gossypianthus and 
Guilleminea as separate genera (Figure 1). 
The Polycnemoideae have long been considered "intermediate" between the 
Amaranthaceae and Chenopodiaceae, and the Polycnemoideae and Amaranthaceae share the 
morphological feature of stamen filaments united in a cup or tube (Volkens 1892; Ulbrich 
1934; Kûhn 1993). Placement of the Polycnemoideae sister to Amaranthaceae as here 
resolved is consistent with taxonomic treatments that have placed Polycnemoideae as a 
subfamily of the Amaranthaceae (Moquin-Tandon 1849; Scott 1977). 
CHENOPODIEAE-ATRIPLICEAE 
The Chenopodieae-Atripliceae lineage forms a poorly supported clade (62%, 3). Two 
lineages resolve within the clade: 1) a clade containing Monolepis, Spinacia, Chenopodium 
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ambrosyoides, C cristatum and Cycloloma', and, 2) a clade containing Archiatriplex, A trip lex, 
C quinoa, C. rubrum, Einadia, and Grayia. 
Difficulties in resolution within the clade revolve around two taxa, Krascheninnikovia 
and Agriophyllum. Placement of these two taxa is unstable in most analyses. 
Krascheninnikovia has a very long terminal branch (Figure 4), and incongruence in its 
placement within the clade is likely due to long-branch attraction. As such, it is possible that 
Krascheninnikovia represents an additional lineage within the Chenopodieae-Atripliceae clade 
that will be recovered with additional sampling. Agriophyllum is represented by partial 
sequences (Table 2). Problems in its placement will likely be solved as missing data are 
added. 
Chenopodium is here resolved as polyphyletic in all analyses. The four species 
sampled fall within three separate clades. ndhF data support the segregation of Chenopodium 
ambrosyioides and C. cristatum into Dysphania, as recently proposed (Clemants in press). 
Placement of Cycloloma within the Chenopodieae-Atripliceae clade is well supported. 
Cycloloma has most recently been classified in tribe Camphorosmeae (Scott 1978), although 
its placement in Dysphania by ndhF data supports the hypothesis of Mosyakin (in press) 
that Cycloloma is more closely related to Chenopodium than to Camphorosmeae. The 
placement of Cycloloma based on ndhF data is congruent with that of ORF 2280 sequence 
data (Downie et al. 1997). 
The voucher specimen of Cycloloma (Clement 12, TEX) was obtained in order to 
verify the identification of the sample. The specimen appears to be Cycloloma based on leaf 
shape, however, the specimen is too young to bear the mature fruits necessary for accurate 
identification, although the more mature flowers appear to be developing the perianth wing 
diagnostic of the genus. Sequence data from an additional sample of Cycloloma will be 
necessary to confirm its placement within the Chenopodieae-Atripliceae clade. 
Members of tribe Chenopodieae are completely interdigitated among the Atripliceae. 
This result is somewhat surprising as the two tribes are based on a suite of diagnostic, 
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morphological differences, although a few taxa (here represented by Archiatriplex) are 
morphologically intermediate. The Chenopodieae-Atripliceae lineage also contains the two 
large genera Chenopodium (136 species) and Atriplex (300 species), which together account 
for nearly 20% of the species diversity (2,050 species) within the alliance. Atriplex is itself 
complicated by polyploidy and reticulation (Kûhn 1993) and has been split into several 
segregate genera. Monophyly of Atriplex and/or its segregate genera has been questioned 
recently based on morphological grounds (Flores and Davis 2001). 
Further work with a greatly expanded sampling is needed in order to gain a clear 
understanding of the evolution of the Chenopodieae-Atripliceae. This expanded sampling 
must take into account 1) a polyphyletic Chenopodium; 2) complications with Atriplex; 3) 
the potential for additional clades that are here only poorly sampled (e.g., 
Krascheninnikovia)-, and 4) the inadequacy of current tribal classifications as a reliable guide 
to phylogenetic relationships within the clade. 
BETEAE 
The Beteae are a small tribe (five genera) of uncertain affinities traditionally classified 
in subfamily Chenopodioideae. ndhF sequence data strongly support Beteae as a 
monophyletic lineage (100%, 5+), but its placement is unstable in this analysis. Beteae are 
placed in an unresolved polytomy in parsimony analyses and Bayesian analysis (Figures 1-
2), but are resolved incongruently between mayimum likelihood (sister to Amaranthaceae-
Polycnemoideae-Chenopodieae-Atripliceae,) and distance analyses (sister to all other taxa of 
the Chen-Am alliance). The finding that the Beteae form an independent lineage supports the 
classification of Williams and Ford-Lloyd (1974) who raised the tribe to subfamily. 
SALSOLOIDEAE-SALICORNIOEDEAE 
Subfamilies Salsoloideae and Salicomioideae here form a single, monophyletic lineage 
(99%, 5+), including tribes Camphorosmeae and Sclerolaeneae that traditionally have been 
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classified within Chenopodioidieae. Salsoloideae as traditionally circumscribed is not 
monophyletic. Suaeda, which has been placed in Salsoloideae, is well supported (100%, 5+) 
as sister to Salicomioideae (Salicornia and Allenrolfea). The SaUcornioideae+Suaedb clade is 
sister to a monophyletic clade containing other members of Salsoloideae as well as 
Camphorosmeae-Sclerolaeneae. 
The placement of tribes Camphorosmeae and Sclerolaeneae within the Salicomioideae-
Salsoloideae clade is well supported by ndhF data (100,5+). Additionally, the 
Camphorosmeae-Sclerolaeneae clade (excluding Cycloloma) is supported by a 
synapomorphic, six base pair deletion (indel r) at position 1915-1920 (Table 4). The 
placement of tribes Camphorosmeae and Sclerolaeneae within the Salsoloideae-Salicomioideae 
lineage is also supported by ORF 2280 sequence data. Affinities between Camphorosmeae-
Sclerolaenae and the Salsoloideae have been hypothesized previously on morphological 
grounds (Volkens 1892; Carolin 1983). 
TAXONOMIC SIGNIFICANCE 
ndhF sequence data do not support the traditional two family taxonomy. If 
monophyletic families are to be maintained, two taxonomic schemes are possible including, a 
single large family, Amaranthaceae s.l. as proposed by Judd et al. (2002); or alternately, four 
families could be erected recognizing the four main lineages (Amaranthaceae-Polycnemoideae, 
the Chenopodieae-Atripliceae clade, the Beteae clade, and the Salicornioideae-Salsoloideae 
clade). 
This study represents the analysis of only a single gene, although this research is 
being conducted in collaboration with other researchers who are studying phytogeny of the 
Chen-Am alliance using matK and rbcL (Borsch and Kadereit). Additionally we hope to 
develop nuclear gene sequence and morphological data sets for the Chenopodiaceae-
Amaranthaceae alliance. Preliminary results of rbcL analysis are congruent with this analysis 
in resolving the following clades, 1) Amaranthaceae-Polycnemoideae, 2) Chenopodieae-
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Atripliceae, and 3) Salicomioideae-Salsoloideae. The results are incongruent regarding 1) 
placement of Bosea, 2) the Beteae break into a number of independent lineages, and 3) 
Corispermeae (here represented by Agriophyllum) are resolved as sister to Salicomioideae-
Salsoloideae (Borsch in prep.). 
We decline at this time to erect a revised taxonomy until additional data sets can be 
adequately analyzed, particularly considering the inability of ndhF gene sequence data to 
resolve the branching pattern of the four major clades and the potential for incongruence 
between rbcL and ndhF data sets. We hope that by increasing the number of independent 
data sets and by a judicious increase in taxon sampling that these combined studies will 
ultimately allow us to I) uncover the branching pattern of the four major lineages of the 
Chen-Am alliance, and 2) erect a phylogenetically informed, revised taxonomy for the 
Chenopodiaceae-Amaranthaceae alliance. 
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Table 1. Taxon sampling and voucher information (following classifications of 
Townsend 1993 and Kûhn 1993). BG Bonn = Botanical Gardens, Bonn, Germany; BPM = 
Borsch, Pratt, and Millier collections; DBG = Desert Botanical Garden, Arizona; NCRPIS = 
USDA North Central Research Plant Introduction Station, Ames, Iowa; RSABG = Rancho 
Santa Ana Botanical Gardens, California; SJ = Surrey Jacobs, Sydney, Australia; UCONN= 
University of Connecticut Conservatory. 
Taxon Voucher Genbank number 
Anaraathaceae 
Amaranthoideae 
Amarantheae 
Aervinae 
Achyranthes bidentata Blume NCRPIS PI 613015 
Aerva javonica (Burm. f.) Juss. SJ 8598 
Calicorema capitulaia (Moq.) Hooker f. Borsch AC055 
Nototrichium humile Hillebr. Prigge 15249 
Pandiaka heudelotii (Moq.) Benth. et Hook. Borsch AC056 
Ptilotus obovatus (Gaud.) F. Muell. SJ 8606 
Pupalia lappacea (L.) Juss. BG Bonn 16784 
Amaranthinae 
Amaranthus blitoides S. Wats. 
Amaranthus retro/lexus L. 
Bosea yervamora L. 
Chamissoa altissima (Jacq.) Kuntil 
Charpentiera obovata Gaud. 
Charpentiera ovata Gaud. 
Borsch AC029 
Nee 52241 
Prigge 15251 
Prigge 15252 
Pratt 200 
Pratt 199 
Celosieae 
Celosia argeruea L. 
Deeringia potysperma (Roxb.) Moq. 
Hermbstaedtia glauca Moq. 
Pleuropetalum sprucei (Hook, f.) Standley 
Pratt 222 
UCONN 198500576 
Borsch AC041 
BG Bonn 16484 
Gomphrenoideae 
Alternanthera caracascma Kuntil 
Alternanthera pungens Kunth 
Blutaparon vernucularis (L.) M ears 
Froelichia floridana (Nutt.) Moq. 
Gomphrena globosa L. 
Guilleminea densa (Humb. & Bon.) Moq. 
Gossypianthus lanuginosa (Poiret) Moq. 
Tidestromia lanuginosa (Nutt) Standley 
BPM 3444 
Borsch AC016 
NCRPIS NSL 936412 
BPM 3443 
McCauley 144 
BPM 3459 
BPM 3433 
SJ 8594 
Chenopodiaceae 
Chenopodioideae 
Atripliceae 
Archiatriplex nanipingensis Chu 
Atriplex canescens (Pursh) Nutt. 
Atriplex truncata (Tom) Gray 
Grayia spinosa (Hook.) Moq. 
Kraschenninikovia lanata (Pursh) Meeuse 
Monolepis nuttaliana (SchulL) Greene 
Spinacia oleraeea L. 
& Stnh RSABG 7773 
Downie 759 
BPM 3431 
BPM 3453 
Bobs 206 
Wallace s.n. 
Pratt 224 
Beteae 
Beta vulgaris L. 
Hablitzia thamnoides Bieb. 
Pratt 225 
Downie 760 
Camphorosmeae 
Bassia hirsuta (L.) P. Ascherson 
Cycloloma atripliciofolium (Sprang.) J.M. Coulter 
Kochia scoparia (L.) Se brader 
Chenopodieae 
Chenopodium ambrosioides L. 
Chenopodium cristatum (F. Muell.) F. Muell. 
Chenopodium quinoa Willd. 
Chenopodium rubnun L. 
Einadia nutans (R. Br.) A.J. Scott 
Corispermeae 
Agriophyllum squarrosum (L.) Moq. 
Sclerolaeneae 
Enchylaena t ornent os a R. Br. 
Sclerolaena birchii (F. Muell.) Domin 
Salicomioideae 
Allenrolfea occidentalis (S. Wats.) Kuntze 
Salicornia utahensis Tidestr. 
Salsoloideae 
Salsoleae 
Halogeton glomeratus (Bieb.) C.A. Meyer 
Salsola kali L. 
Suaedeae 
Suaeda moquinii (J.Hooker) Moq. 
Suaeda calceoliformis (Torr.) E. Greene 
BPM 3450 
Clement 12 (see Downie et al. 
Pratt 219 
Pratt 221 
SJ 8613 
NCRPIS PI 433232 
NCRPIS Ames 23860 
SJ 8615 
Borsch 
SJ 8616 
SJ 8599 
BPM 3447 
Pratt 196 
Pratt 205 
SJ 8600 
BPM 3420 
BPM 3440 
1997) 
Polycnemoideae 
Hemichroa diandra R. Br. 
Polycnemum majus A. Braun 
Nitrophila occidentalis S. Wats. 
SJ 8716 
Borsch 
Pratt 204 
Other Caryophyllales 
Achatocarpaceae 
Phaulothamnus spinescens Gray 
Baseilaceae 
Basella alba L. 
Caryophyllaceae 
Mecebrum verticillatum L. 
Lychnis chalcedonica L. 
Silene latifolia Poiret 
Molluginaceae 
Mollugo verticillata L. 
Nyctagmaceae 
Mirabilis jalapa L. 
Phytolaccaceac 
Phytolacca acinosa Roxb. 
Sarcobaiaceae 
Sarcobatus vermicularis (Hook.) Torr. 
Stegnospermataceae 
Stegnosperma habnifolhun Beth. 
Polygonales 
Plumbagmaceae 
Plumbago auriculata Lam. 
Polygonaceae 
Fagopyrum esculentum Moench 
Rheum x cultorum 
BPM 3446 
Borsch AC063 
Pratt 226 
Pratt 223 
AF194834 
AF194827 
AF194826 
AF194828 
Pratt 206 
DBG 1973-0120-01-01 
Pratt 227 
AJ236279 
AF238059 
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Table 2. Amplification and sequencing primers. Primer positions were found using 
complete, unaligned spinach sequences downloaded from Genbank AJ400848. Primer 
sequences ND15F, ND3F, ND5C, ND7F, and ND10F from Jansen (1992); Primers ND1B, 
ND8B, and ND16D from Applequist and Wallace (2002); ND5D2 was designed for this 
project 5* amplicon was amplified with either ND15F or ND1B and the 3* amplicon was 
amplified with either ND5D2 or ND5C. The sequencing primer listed for each taxon in Table 
3 was also utilized as the amplification primer in all cases. 
Amplification Primers 
5' Amplicon 
ND15F (1) ATGGAACAGACATATCAATAYGSRTG (26) 
ND1B (29) CCTTYATTCCRCTTCCAGTTCC (50) 
ND8B (1350) ATAGATTCGTACACATATAAAATGCAGTT (1323) 
3' Amplicon 
ND5D2 (741) GTATGGTTACCYGATGCTATG (762) 
ND5C (838) CTTCTTCCTCTTTTCGTAGTTATACC (863) 
ND16D (2153) CCTCCTRYATAYTTGATACCTTCTCC (2128) 
Sequencing Primers 
ND15F (1) Same sequence as above (26) 
ND1B (35) Same sequence as above (50) 
ND3F (396) T ACTTCC ATGTT GGGATTAGTT ACT AG (422) 
ND5D2 (741) Same sequence as above (762) 
ND5C (838) Same sequence as above (863) 
ND7F (1200) AGGTACACTTTCTCTTTGCGGTATTCC (1226) 
ND10F (1619) ATCCTTATGAATCGGATAATACTATG (1644) 
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TABLE 3. Sequencing primers by taxon. Sequences downloaded from Genbank not 
included. — = missing sequence. 
Amaranthaceae 
Amaranthoideae-Amarantheae-Aervinae 
Achyrcmthes bidentata 15F 3F 5D2 7F 10F 
Aerva javonica IB 3F 5C 7F 10F 
Calicorema capitata 15F 3F 5C 7F 10F 
Nototrichium humile 15F 3F 5C 7F 10F 
Pandiaka heudelottii 15F 3F 5C 7F 10F 
Ptilotus obovatus 15F 3F 5C 7F 10F 
Pupalia lappacea 15F 3F 5C 7F 10F 
Amaranthoideae-Amarantheae-Amaranthinae 
Amaranthus blitoides IB 3F 5C 7F 10F 
Amaranthus retroflexus IB 3F 5C 7F 10F 
Bosea yervamora 15F 3F 5D2 7F 10F 
Chamissoa alitissima 15F 3F 5C 7F 10F 
Charpentiera obovta IB 3F 5C 7F 10F 
Charpentiera ovata 15F 3F 5C 7F 10F 
Amaranthoideae-Celosieae 
Celosia argentea 15F 3F 5C 7F 10F 
Deeringia polysperma 15F 3F 5C 7F 10F 
Hermbstaedtia glauca 15F 3F 5C 7F 10F 
Pleuropetalum sprucei 15F 3F 5C 7F 10F 
Gomphrenoideae 
Alternanthera pungens IB 3F 5C 7F 10F 
Alternanthera caracasana 15F 3F 5D2 7F 10F 
Blutaparon vermictdaris 15F 3F 5C 7F 10F 
Froelichiafloridana — — 5C 7F 10F 
Gomphrena globosa IB 3F 5C 7F 10F 
Gossypianthus lanuginosa 15F 3F 5D2 7F 10F 
Guilleminea densa 15F 3F 5C 7F 10F 
Tidestromia lanuginosa — — 5C 7F 10F 
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Chenopodiaceae 
Chenopodioideae-Atripliceae 
Archiatriplex nanipingensis — — 5D2 7F 10F 
Atriplex canescens 15F 3F 5C 7F 10F 
Atriplex truncata 15F 3F 5D 7F 10F 
Grayia spinosa 15F 3F 5C 7F 10F 
Kraschenninikovia lanata 1B 3F 5C 7F — 
Spinacia oleracea 1B 3F 5C 7F 10F 
Chenopodioideae-Beteae 
Beta vulagaris 1B 3F 5C 7F 10F 
Hablitzia thamnoides 15F 3F 5D2 7F 10F 
Chenopodioideae-Camphorosmeae 
Bassia hirsuta 15F 3F 5D2 7F 10F 
Cycloloma atriplicifolia 5D2 7F 10F 
Kochia scoparia 15F 3F 5C 7F 10F 
Chenopodioideae-Chenopodieae 
Chenopodium ambrosiodes 15F 3F m 7F 10F 
Chenopodium cristatum — — 5D2 7F 10F 
Chenopodium quinoa IB 3F 5C 7F 10F 
Chenopodium rubrum 15F 3F 5D2 7F 10F 
Einadia nutans 15F 3F 5D2 7F 10F 
Monolepis nuttaliana 15F 3F 5C 7F 10F 
Chenopodioideae-Corispermeae 
Agriophyllum squarrosum 15F 3F — — — 
Chenopodioideae-Sclerolaeneae 
Enchylaena tomentosa 15F 3F 5C 7F 10F 
Sclerolaena birchii IB 3F 5C 7F 10F 
Polycnemoideae 
Hemichroa diandra — — 5C 7F 10F 
Nitrophila occidentalis 1B 3F 5C 7F 10F 
Polycnemum majus 15F 3F 5D2 7F 10F 
Salsoloidcae-Salsoleae 
Halogeton glomeratus 15F 3F 5C 7F 10F 
Salsola kali IB 3F 5C 7F 10F 
Salsoloideae-Suaedeae 
Suaeda moquinii 
Suaeda calceoliformis 
Salicomoideac 
Allenrolfea occidentalis 
Salicornia utahensis 
Other Caryophyllales 
niecebrum verticillatum 
Lychnis chalcedonica 
Phaulothamnus spinescens 
Sarcobatus vermicularis 
Silene latifolia 
Stegnosperma halimifolium 
15F 3F 5D2 7F 10F 
— 5D2 7F 10F 
IB 3F 5C 7F 10F 
IB 3F 5C 7F 10F 
15F 3F 5D2 7F 10F 
15F 3F 5D2 — — 
15F 3F 5C — 10F 
15F 3F 5D2 7F 10F 
15F 3F 5D2 — — 
™ .... 5D2 7F 10F 
Polygonales 
Fagopyrum esculentum 15F 3F 5D2 7F 10F 
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Table 4. Parsimony Tree Descriptions By Outgroup Substitution. Chenopodiaceae-
Amaranthaceae alliance included as ingroup for all analyses, outgroup substitutions as 
follows: i), Chen-Am alliance ingroup, all others as outgroup (Table 1); ii) Polygonales 
outgroup, Caryophyllales ingroup; iii) Fagopyrum, Plumbago, Basella, Mollugo, Ulecebrum, 
and Phaulothamnus outgroup; iv) Fagopyrum, Plumbago outgroup, Basella, Mollugo, 
Ulecebrum, Phaulothamnus ingroup; v) Fagopyrum, Plumbago outgroup, Basella, Mollugo, 
Caryophyllaceae and Phaulothamnus ingroup; vi) Fagopyrum outgroup, Ulecebrum and 
Phaulothamnus ingroup; vii) Mollugo and Basella outgroup, Caryophyllaceae and 
Phaulothamnus ingroup; viii) Caryophyllaceae outgroup, Phaulothamnus ingroup; ix) 
Illecebrum outgroup, Phaulothamnus ingroup; x) Phaulothamnus outgroup; and xi) 
Phaulothamnus outgroup, data set edited to include deleted characters; Taxa = number of taxa 
in analysis; MAL - Matrix alignment length, CI = consistency index; CIx = CI excluding 
uninformative characters; HI = homoplasy index; HIx = HI excluding uninformative 
characters; RI = retention index; RC = rescalcd consistency index; Total crc - total number of 
characters; PI crc = number of parsimony informative characters. 
Outgroup i n iii iv V vi vii viii DC X xi 
Taxa 67 67 60 60 62 57 60 58 56 55 55 
MAL 1856 1856 1856 1856 1856 1855 1855 1854 1854 1854 1933 
%missing 8% 8% 7.5% 7.5% 7.8% 7.6% 7.9% 8.1% 7.7% 7.9% 7% 
Mp trees 4 4 1 1 2 2 2 2 4 2 54 
Length 3478 3478 2887 2887 3078 2556 2701 2511 2328 2160 2374 
CI 0.45 0.45 0.49 0.49 0.49 0.51 0.50 0.51 0.52 0.53 0.53 
CIx 0.39 0.39 0.41 0.41 0.41 0.43 0.42 0.44 0.44 0.50 0.47 
HI 0.55 0.54 0.51 0.51 0.51 0.49 0.50 0.49 0.48 0.47 0.45 
HIx 0.61 0.61 0.59 0.59 0.59 0.57 0.58 0.56 0.56 0.55 0.55 
RI 0.62 0.62 0.64 0.64 0.64 0.67 0.67 0.68 0.68 0.70 0.70 
RC 0.28 0.28 0.32 0.32 031 0.34 0.33 0.35 0.35 0.37 0.37 
Total crc 1856 1856 1856 1856 1856 1856 1856 1856 1856 1856 1933 
PI crc 675 675 599 599 628 552 576 561 528 516 567 
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Table 5. Inde! events. # - sequential labeling of indel events (5* to 3'); Position - position 
of indels in the aligned sequences prior to removal; Size - length of indel in base pairs, + 
representing insertions and - representing deletions; i-x - indel treatment in analyses i-x (+ -
left in data set, - = deleted from data set, r- rescored as a binary character), xi = indel 
treatment in analysis xi (+ = left in data set, - = deleted from data set, r- rescored as a binary 
character, * - indel not present in realigned data), Taxa = taxa in which the indel occurs. 
# Position Size i-x xi Taxa 
a) 571-576 +6 r * Aptenia, Basella 
b) 1417-1422 +6 r * Salicorma, Phytolacca 
c) 1426-1433 -6 + * Mecebrum 
d) 1444-1476 -33 - + Froelichia 
e) 1450-1455 +6 - * Aptenia, Basella, Mecebrum, Mirabilis, Mollugo, 
Phytolacca, Sarcobatus, Stegnosperma 
0 1468-1479 -12 - + Aptenia, Deeringia, Sarcobatus, Stegnosperma 
g) 1471-1476 +6 — r Basella, Calicorema, Chenopodium qumoa, Einadia, 
Kraschenninikovia 
h) 1483-1515 -36 - » Mecebrum 
i) 1507-1515 +6 - * Sarcobatus 
j) 1537-1542 -6 - * Silene 
k) 1555-1560 +6 - r Chenopodium rubrum, Suaeda calceoliformis, Suaeda 
moquinii 
1) 1558-1560 +3 - - Celosia 
m) 1663-1668 -6 + + Amaranthus retroflexus 
n) 1677-1682 -6 + + Mirabilis 
o) 1741-1746 +6 r • Fagopyrum, Plumbago 
p) 1849-1854 +6 - * Fagopyrum 
q) 1897-1992 +6 - * Mecebrum 
r) 1915-1920 -6 r r Bassia, Enchylaena, Kochia, Sclerolaena 
Figure 1. Maximum Parsimony Tree, Analysis viii—Caryophyllaceae as Outgroup. 
One of two most parsimonious trees of length = 2511 steps; CI = 0.51; CI excluding 
uninformative  ^0.44; HI = 0.49; HI excluding uninformative = 0.56; RI= 0.68; RC = 
0.35; branch lengths above, support values (bootstrap/decay index) below, bootstraps 
<50% and decay indices = 0 indicated by astrisks. Clear boxes» Amaranthaceae, shaded 
boxes= Chenopodiaceae; AMI = Amarantheae 1; C = Celosieae; AM2 = Amarantheae 2; 
G = Gomphrenoideae; P = Polycnemoideae; S-S = Salicomioideae-Salsoloideae (solid 
box = Salicomioideae, solid circle = Sclerolaeneae, solid triangle = Camphorosmeae, 
Salsoloideae in plainface); C-A = Chenopodieae-Atripliceae (Atripliceae in boldface); B 
= Beteae; AC = Achatocarpaceae; CAR = Caryophyllaceae. 
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Figure 2. Bayesian Analysis, 50% Majority Rule Tree. Posterior probabilities shown 
above branches. Clear boxes = Amaranthaceae, shaded boxes = Chenopodiaceae; AMI = 
Amarantheae 1; C = Celosieae; AM2 = Amarantheae 2; G = Gomphrenoideae; P = 
Polycnemoideae; S-S = Salicomioideae-Salsoloideae; C-A = Chenopodieae-Atripliceae; 
B = Beteae; AC = Achatocarpaceae; CAR = Caryophyllaceae; OC = other 
Caryophyllales; PO = Polygonales. 
43 
fS-Œl 
100 
100 
J22-
100 
-122-
100 
Cftarpovate Chërptntmn Chamasoa 
Abttudes 
Aretnofaus 
Dtemgm Ce*#» 
PtounQttakim 
Hermbstaedbë 
Aenw 
PUotus Aetuyanthas Nototriefiium Pandit* 
Cafcorem* 
PuoaHa 
Frotfduë Gcmphrtn* 
Tidestromm Gossyptnttws GuHaminea 
PMoxeros 
AlttmtnthtrM Mteaneaaana 
Humant 
f^ çn/pm 
M jmsbl 
Sftbaem Csmùrotio&s 
Cydotome 
CcrâMUm 
Kmctmn. 
Enaôm Cqwnof Gray» AitimtopK Atrjptoi 
AtrtmnatÊ 
amnjutnm AarioeMbim 
Soamtamoquini 
Stoatficate 
SHW» 
HMggMon 
ScfcroJw 
Kbcte» 
100 100 
JSGL 
58 
Ptmuiathamfius 
LycMs -SRww 
ntetbmm _ Segnoipwm» 
Ptiytolacca 
Mnt*s Sarcobatus 
Aftania 
100 Fegopyrem fifwm Plumbago 
AM 
AM 
C-A 
S-S 
AC 
CAR 
OC 
PO 
Figure 3. Maximum-likelihood Tree. Clear boxes ~ Amaranthaceae, shaded boxes = 
Chenopodiaceae; AMI = Amarantheae 1; C = Celosieae; AM2 = Amarantheae 2; G = 
Gomphrenoideae; P = Polycnemoideae ; S-S = Salicomioideae-Salsoloideae; C-A = 
Chenopodieae-Atripliceae; B = Beteae; AC = Achatocarpaceae; CAR = Caryophyllaccae; 
OC = other Caryophyllales; PO = Polygonales. 
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Figure 4. Kimura 2-Paramater with Gamma Rate Neighbor-Joining Tree. Branch 
lengths shown above branches, values less than 5 not given. 
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Chapter HI: Morphology of the Chenopodiaceae-Amaranthaceae Alliance and its 
Taxonomic Significance 
(DJ3. Pratt and L.G. Clark) 
Abstract 
Twenty morphoanatomical characters and one molecular character were analyzed for 
the Chenopodlaceae-Amaranthaceae alliance using maximum parsimony. Parsimony analysis 
was unable to run to completion, and the consensus of 182,300 trees is mostly unresolved, 
except for 1) the Amaranthaceae and Polycnemoideae, including a Gomphrenoideae subclade, 
but excluding Amaranthus, Chamissoa, Bosea, and the Celosieae; 2) Celosieae; 3) Atripliceae; 
4) Saisoloideae; and 5) a Sclerolaena-Camphorosmeae clade. Optimizations of the 
morphological characters onto an independently derived ndhF sequence-based phytogeny 
reveal phylogenetically significant patterns of character-state distribution. Statistical support 
was found for the correlation of dispersal unit and ovule number within the Chen-Am 
alliance. Pairwise comparisons of the five diagnostic characters of the Atripliceae were also 
statistically significant for all comparisons but one. A previously unreported form of 
phyllotaxy was found in Gomphrenoideae and is here described. Taxonomic distribution of 
character-states is described and discussed. 
General Introduction 
The Chenopodiaceae and Amaranthaceae (here collectively referred to as the 
Chenopodiaceae-Amaranthaceae alliance or Chen-Am alliance) are closely related families of 
the Caryophyllales, an order of Angiosperms traditionally consisting of 18 families and 8,600 
species circumscribed by free-central or basal placentation, curved embryos, presence of 
perisperm, beaked integuments, distinctive phloem plastid morphology, and betalain 
pigmentation (Judd et al. 2002). The Chen-Am alliance is of worldwide distribution, 
comprising approximately 169 genera and 2,400 species. The Amaranthaceae (ca. 69 genera 
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and 1,000 species) are most diverse in the tropics while the Chenopodiaceae (ca. 100 genera 
1,400 species) are most diverse in temperate regions. The Chen-Am alliance is noted for the 
evolution of C4 photosynthesis, halophytism, xerophytism, and a variety of breeding 
systems (Borsch et al. 2001). 
Traditionally the close relationship of the Chenopodiaceae and Amaranthaceae has 
been recognized based on a core floral formula consisting of 5 sepals, 0 petals, 5 stamens, and 
2-3 carpels (Hershkovitz 1989). Other characters supporting the close sister relationship of 
the two families include an unusual P-type plastid in the phloem sieve tubes which also lack a 
central plastid crystal, anomalous secondary growth, presence of isoflavones, and 
pantoporate pollen (Cronquist 1981; Rodman et al. 1984; Hershkovitz 1989; Behnke 1994). 
Accordingly, Cronquist (1981, p 266) stated, "The Amaranthaceae are obviously allied to the 
Chenopodiaceae, and the two families stand side by side in virtually all systems of 
classification. Together they constitute the irreducible, archetypical core of their order." The 
Chen-Am alliance has been established as a monophyletic lineage based on molecular analyses 
of the Caryophyllales (Manhart and Rettig 1994; Downie and Palmer 1994; Downie et al. 
1997; Cuénoud et al. 2002). 
Maintenance of the Chen-Am alliance as two families has been questioned recently. 
Judd et al. (2002) have combined the families into a single, large Amaranthaceae s.i, based on 
their overwhelming morphoanatomical similarities and the seeming lack of any consistently 
diagnosable differences between the two, as well as recent molecular evidence. 
To date there have been no detailed molecular phylogenetic studies of the 
Chenopodiaceae-Amaranthaceae alliance, although several molecular based studies have been 
published on the Caryophyllales (Manhart and Rettig 1994; Downie and Palmer 1994; 
Downie et al. 1997; Cuénoud et al. 2002). While such studies are of limited value for 
establishing relationships among the Chen-Am alliance, they are important for establishing 
the placement of the alliance within Caryophyllales and subsequent outgroup selection. 
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Phylogenetic analyses of Caryophyllales are incongruent in their placement of the 
Chenopodiaceae-Amaranthaceae alliance. Rodman et al. (1984) place the Chen-Am alliance 
sister to Nyctaginaceae based on morphology. Downie and Palmer (1994) place the alliance 
as basal to the order based on RFLP analysis of the chloroplast inverted repeat. Several 
studies have placed the Chenopodiaceae-Amaranthaceae as sister to Caryophyllaceae based 
on rbcL (Manhart and Rettig 1994), ORF 2280 (Downie et al. 1997), and a combined rbcL, 
atpB, and matK data set (Cuénoud et al. 2002). 
An important finding is that whenever Achatocarpaceae has been included in the data 
set, the Chenopodiaceae-Amaranthaceae alliance is resolved as sister to it, with the 
Chenopodiaceae-Amaranthaceae-Achatocarpaceae clade being sister to Caryophyllaceae 
(Manhart and Rettig 1994; Cuénoud et al. 2002). Additionally, recent general work on 
angiosperm phytogeny, as well as the phytogeny of Caryophyllales and Polygonales, has 
shown Asteropeia, Physena, and Simmondsia to belong to the basal grade of Caryophyllales. 
The Caryophyllales has also been shown to be sister to Polygonales, including Droseraceae, 
Nepenthaceae, Plumbaginaceae, and Polygonaceae (Angiosperm Phytogeny Group 1998; 
Cuénoud et al. 2002). 
Despite their morphological and anatomical affinities, the Chenopodiaceae-
Amaranthaceae alliance has been separated into two families based on fleshiness of the sepals, 
sepal color, and stamen filament connation (Table 1), characters that Judd et al. (2002) warn 
are likely to be evolutionary labile. Flower color can even segregate within populations of 
some species, e.g., species of Amaranthus, which can have either red or green sepals (Pratt 
and Clark 2001). Sepal fleshiness is highly subjective and has never been adequately 
described. 
Stamen filament connation has been used to diagnose the Amaranthaceae, although 
numerous exceptions occur. Amaranthus has free stamens (Table 2). Subfamily 
Polycnemoideae of the Chenopodiaceae have connate filaments very similar to those of the 
Amaranthaceae (Table 2) and several classifications treat Polycnemoideae as "intermediate" 
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between the Amaranthaceae and Chenopodiaceae (Volkens 1892; Ulbrich 1934; Kûhn 1993). 
Recent morphological research in the Atripliceae suggests that many members of tribes 
Chenopodieae and Atripliceae also have connate stamen filaments (Flores and Davis 2001). 
These findings call into question the validity of filament connation as a diagnostic character of 
the Amaranthaceae. 
There are thus no truly diagnostic morphological differences between the families. 
Hegi (1911, p. 260) stated "the Amaranthaceae are not separated from the Chenopodiaceae 
by any essential characters, and the classification is artificial." Accordingly, Judd et al. 
(2002) have combined the Chenopodiaceae and Amaranthaceae into a single family, 
Amaranthaceae s.L, based on the strength of the characters uniting the families and the 
seeming lack of any consistently diagnosable differences between them. 
The Chenopodiaceae and Amaranthaceae have been subdivided into subfamilies and 
tribes (Table 2). Subfamilial and tribal classifications of the Chenopodiaceae and 
Amaranthaceae stress anther locule number, ovule number, embryo shape, and 
presence/absence of leaves. Two tribes, Amarantheae and Chenopodieae, lack any diagnostic 
features of their own (Table 2) and recent molecular evidence shows that subfamily and tribal 
taxa are probably not monophyletic (Downie et al. 1997; Judd et al. 2002; Cuénoud et al. 
2002). 
Tribe Atripliceae is particularly interesting morphologically. The tribe as traditionally 
circumscribed is supported by a suite of morphological features (Kûhn 1993) including 
breeding system (character 3), pistillate bract number (character 5), pistillate bract 
persistence, and pistillate sepal number (character 9), which will be referred to as the 
atriplicoid floral syndrome throughout the text (Table 3). Despite their distinctive 
morphology, the Atripliceae have been found to be either paraphyletic (Downie et al. 1997) 
or polyphyletic (Cuénoud et al. 2002) in molecular analyses. 
Two characters have been of controversial taxonomic significance, ovule number and 
embryo shape. Ovule number has been used to suggest that the Celosieae are basal to the rest 
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of the Chenopodiaceae-Amaranthaceae alliance (Cronquist 1981). Historically, embryo shape 
has been used to divide the Chenopodiaceae into two subfamilies, Chenopodioideae with 
annular embryos and Salsoloideae with spiral embryos. Modem treatments have either 
upheld subfamilies based on embryo type (Williams and Ford-Lloyd 1974; Blackwell 1977; 
Scott 1977) or have considered the spiral embryo as a homoplasious character state (Carolin 
1983) with a subsequently polyphyletic Salsoloideae. To date the taxonomic significance of 
embryo type has not been resolved. 
Dispersal unit (diaspora) is a character that seems to be taxonomically important but 
which has received scant attention in the literature. Diaspores within the Chen-Am alliance 
include the naked seed or fruit, fruits enclosed within bracts, anthocarps (here defined as a 
fruit that is dispersed enclosed within the adherent, but not adnate, perianth), and multiples 
(dispersal of inflorescences). The presence of anthocarps is rarely directly referred to in the 
literature. Rather, it is often alluded to by the vague phrase "perianth persistent in fruit", a 
character which is usually included in the description of the perianth, not the diaspora. 
Anthocarps can be further modified by the outgrowth of perianth appendages 
(Camphorosmeae, Salsoleae, and Sclerolaeneae) or by the inclusion of floral bracts in the 
dispersal unit (Amaranthaceae). 
In general there has been a lack of critical morphological analysis for the 
Chenopodiaceae-Amaranthaceae alliance. Our objectives are to construct a preliminary 
morphoanatomical data set and to examine the utility of morphological characters for 
phylogenetic reconstruction of the Chen-Am alliance, as well as to utilize morphological data 
sets in connection with molecular analyses of plastid encoded ndhF gene sequence data. By 
optimizing morphological data onto independently derived molecular phytogenies we hope to 
uncover morphological synapomorphies for clades previously derived from molecular 
analyses. Additionally we expect morphological character-state optimizations will provide 
insight into the evolution of morphological trends within the Chen-Am alliance. 
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Materiab and Methods 
TAXON SAMPLING 
Herbarium specimens and literature were examined for 46 genera and 54 species of the 
Chenopodiaceae-Amaranthaceae alliance (Appendix 1), using current taxonomic relationships 
(Kûhn 1993; Townsend 1993) as a guide. This taxon sampling includes representatives of all 
currently recognized subfamilies and tribes except the monotypic Psuedoplantageae of 
Gomphrenoideae, and Halopeplideae of Salicomioideae. Multiple species were sampled from 
the large genera Altemanthera, Amaranthus, Atriplex, Charpentiers Chenopodium, and 
Suaeda. This taxon sampling was kept parallel to the sampling used for reconstructing 
phytogeny based on the plastid encoded ndhF gene, the voucher specimens of which were 
used preferentially where possible (Chapter II, this work). 
CHARACTER SAMPLING 
Twenty morphological characters and one molecular character were scored (Table 4; 
Appendix 2). This character sampling includes a variety of vegetative, floral, and dispersal 
characters that have been considered as diagnostic at the tribal or subfamilial level, or that are 
variable within the alliance (Table 4). Morphological characters were examined directly from 
herbarium specimens using a dissecting scope and a modified Pohl's solution (Pratt and Clark 
2001) where necessary, excepting Archiatriplex (Kûhn 1993), Sclerolaena and Chenopodium 
cristatum (Wilson 1994), and C. quinoa (Ulbrich 1934), which were scored using the 
literature. Embryo shape (character 16) was taken from the literature (Kûhn 1993; Townsend 
1993) for all taxa. Phloem sieve tube characters (18 and 19) were taken from Behnke (1994). 
The molecular character was an indel taken from plastid ndhF gene sequence The 
resulting matrix was 21 characters by 54 species, with 0.06% missing data. 
All character-states were discrete, and characters were coded either as binary 
(characters 1,3,6,8,10,11,13-16,18-21) or as a multi-state series (2,4,5,7,9,12,17) as 
described (Table 4; Appendix 2). All characters were treated as unordered due to uncertainty 
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in homology assessment Missing data were scored as ? and inapplicable characters were 
scored as /. Inapplicable characters were treated as missing data in the analysis. Multi-state 
characters were interpreted as polymorphisms. 
PARSIMONY ANALYSIS 
Phylogenetic analysis was run using maximum parsimony analysis in PAUP*4.0 
(Swofford 1998). A single heuristic analysis replicate was run using tree-bisection-
reconnection (TBR) branch swapping but was unable to run to completion and tree support 
values were not able to be calculated. 
CHARACTER-STATE MAPPING 
Patterns of morphological evolution were assessed using MacClade 4.0 (Maddison 
and Maddison 2000) by mapping character-states onto an independently derived ndhF-based 
phytogeny (Chapter H, this work) of the Chenopodiaceae-Amaranthaceae alliance (Figure 1A 
and B). ndhF sequence data yielded two most parsimonious trees consisting of four main 
clades: 1) Amaranthaceae-Polycnemoideae; 2) Salicomioideae-Salsoloideae; 3) Chenopodieae-
Atripliceae; and 4) Beteae. Branching order of the four clades is unsupported and collapses 
into a polytomy in strict consensus of the two trees. The two most parsimonious trees differ 
only in the placement of the Beteae; topology 1 places Beteae basal (topology shown), while 
topology 2 places Beteae sister to Salicomioideae-Salsoloideae (data not shown). We chose 
topology 1 for morphological character state mapping as both maximum-likelihood and 
distance-based analyses (data not shown) share this placement of Beteae. Alternate models 
of character evolution were explored using ACCTRAN and DELTRAN (Wiley et al. 1991) 
models in MacClade 4.0. 
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CHARACTER-STATE CORRELATION 
Preliminary analyses, herbarium observations, and data taken from the literature 
suggest that some of the characters considered in this analysis may be correlated. Correlation 
was tested on two sets of characters: 1) ovule number (character 15) and dispersal unit 
(character 17); and 2) the atripiicoid floral syndrome (characters 3,5,6,9, and 17, Table 3). 
Character correlation was tested using DISCRETE (Page! 1999a; Pagel 1999b) 
obtained on request from m.pagel@reading.ac.uk. Nexus formatted phylogenetic tree 
topologies derived from ndhF sequence data were converted to Pagel format using the NPC 
program obtained from m.pagel@reading.ac.uk. Breeding system (character 3), pistillate bract 
persistence (character 6), and ovule number (character 15) scoring remained as described 
(Table 4; Appendix 2). Multi-state characters were converted into binary character states as 
follows: pistillate bract (character 5) 0= bracts absent, 1= bracts present; pistillate sepal 
number (character 9) 0= sepals absent, 1= sepals present; and dispersal unit (character 17) 0= 
anthocarp or multiple dispersal, 1= fruit or seed dispersal. Character state correlation was 
tested by comparing likelihoods estimated from a model of independent character evolution 
with likelihoods obtained form a model postulating dependent character evolution (Pagel 
1999a; Pagel 1999b). Markov simulations were run 100 times to obtain p-values of character 
correlation in DISCRETE. 
Correlation of ovule number and dispersal unit (characters 15 and 17) was tested for 
the entire ingroup. Correlations for all pairwise comparisons of the atripiicoid floral 
syndrome (characters 3,5,6,9, and 17) were tested exclusively within the Chenopodieae-
Atripliceae clade. Although the character-states of the atripiicoid floral syndrome are not 
unique to that clade, they are nowhere else expressed together. Due to the inability to assess 
homology of these character-states within the alliance as a whole, correlation of the atripiicoid 
floral syndrome was explored only within Chenopodieae-Atripliceae clade. 
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Results and Discussion 
PARSIMONY ANALYSIS 
Parsimony analysis of the morphological data was unable to run to completion before 
running out of memory. The analysis yielded 182,300 most parsimonious trees with a score 
of 101 steps, CI= 0.50, HI= 0.60, RI= 0.80, and RC= 0.41. Measures of support were not 
estimated due to the inability to ran analyses to completion. 
The Strict consensus tree resolves a monophyletic Chenopodiaceae-Amaranthaceae, 
including Phaulothammis. Strict consensus of relationships with the Chen-Am alliance are 
mostly unresolved, although it yields five clades: 1) Amaranthaceae including Polycnemoideae 
and a monophyletic Gomphrenoideae subclade, but excluding Amaranthus, Chamissoa, 
Bosea, and the Celosieae; 2) Celosieae; 3) Atripliceae; 4) Salsoloideae; and 5) Sclerolaeneae-
Camphorosmeae (excluding Enehylaena and Cycloloma) (data not shown). 
Trees obtained from analysis of the morphological data are incongruent with 
topologies recovered from plastid encoded ndhF gene sequence data. Morphological data 
resolve a monophyletic Atripliceae and a monophyletic Salsoloideae, whereas molecular data 
resolve these groups as polyphyletic and paraphyletic respectively. 
CHARACTER-STATE OPTIMIZATIONS 
All character state changes were mapped onto an independently derived ndhF 
phytogeny using ACCTRAN optimizations (Figures 1A-B). ACCTRAN and DELTRAN 
models differ only for characters 3-6,10, and 16. In most cases the differences between 
ACCTRAN and DELTRAN models were slight, and additional cladograms are not shown. 
Comparisons of ACCTRAN and DELTRAN models are shown only for characters 6,10, 
and 16 (Figures 2-4). Dispersal unit (character 17) was particularly complex and an 
additional cladogram showing ACCTRAN optimizations has been included (Figure 5). 
Character-state optimization yielded potentially taxonomically significant patterns. 
Currently the major difficulty in interpreting these patterns lies with the uncertainty of the 
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true branching order of the major clades of the Chenopodiaceae-Amaranthaceae alliance. In 
particular, maximum likelihood analysis of ndhF data resolve the Chenopodieae-Atripliceae as 
sister to the Amaranthaceae-Polycnemoideae (data not shown) while matK and rbcL gene 
sequence data yield the possibility of a monophyletic core Chenopodiaceae sister to the 
Amaranthaceae-Polycnemoideae (Kadereit et al. 2002). 
Synapomorphies for the Chenopodiaceae-Amaranthaceae alliance include plastid 
ultrastructure (characters 18-19), perianth connation (characters 8 and 10) and stamen number 
(character 12), although distinct sepals is a synapomorphy for the majority of the 
Amaranthaceae-Polycnemoideae (Figures 1A and B). Separation of the Amaranthaceae from 
the Chenopodiaceae based on the traditional characters has been termed both "arbitrary" 
(Judd et al. 2002) and "artificial" (Hegi 1911) and the traditional characters of sepal texture, 
flower color, and filament connation are of questionable worth (Table 1). However, the 
Amaranthaceae-Polycnemoideae form a moderately supported monophyletic lineage based on 
molecular evidence. Morphological synapomorphies supporting the Amaranthaceae-
Polycnemoideae clade include sepal and filament connation (characters 8,10, and 13), and 
potentially bract disarticulation (character 6) as well (Table 5; Figures 1A and 2). 
Leaf Characters 
1) LEAF PRESENCE. Leaves are present and well formed within most of the alliance. 
However, leaves absent or highly reduced is a synapomorphy for an apparently 
monophyletic Salicomioideae (Figure 1 A). 
2) PHYLLOTAXY. Phyllotaxy is variable within the family, the ancestral state being 
alternate. Opposite leaves have evolved at least twice, once in Salicornia (there diagnosed by 
branching pattern and inflorescence position) and once as a synapomorphy for a group 
including Gomphrenoideae and the Achyranthes-Pupalia clade of Amarantheae 2 (Figures 1A-
B). A previously undescribed form of branching pattern connected to the opposite 
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phyllotaxy, here called the guilleminoid type (after Guilleminea in which it was first 
observed), occurs within Gomphrenoideae (Figure 6). 
The guilleminoid pattern is a modified form of branching found in some taxa with 
opposite leaves. The leaves of each leaf pair are of unequal size and are here designated as the 
foliar leaf and the opposing leaf. The foliar leaf is large and well-developed, while the 
opposing leaf is smaller and subtends a axis (primary branch) bearing leaves, and flowers or 
inflorescences along its length. Tertiary and higher order branching may occur off the 
secondary axis following the guilleminoid pattern as here described (Figure 6). Although the 
leaf arrangement of the guilleminoid pattern is opposite, it can appear superficially alternate 
due to the differences in leaf size and branching pattern. Many of the taxa possessing the 
guilleminoid phyllotaxy have a creeping growth habit, and adventitious roots may often be 
observed at leaf nodes. 
As optimized here, the guilleminoid branching pattern evolved twice, once within 
Altemanthera and again in the clade containing Guilleminea, Gossypianîhus, and Tidestromia, 
with a reversal in Gomphrena to opposite leaves (Figure IB). Alternatively, the guilleminoid 
phyllotaxy could represent a synapomorphy for Gomphrenoideae, with reversals to opposite 
leaves in Froelichia, Gomphrena, and Blutaparon, although testing this hypothesis will 
require additional sampling from the Gomphrenoideae. 
The presence of a previously undescribed branching pattern was surprising, and 
underscores both the lack of critical morphological observation for the Chen-Am alliance as 
well as the potential of continued morphologic studies. Guilleminoid pattern may be 
taxonomically significant both within and among genera. A survey of fourteen species of 
Altemanthera in the Ada Hayden Herbarium (ISC) revealed that phyllotaxy is polymorphic 
within Altemanthera (nine species bore branches in axes of both leaves, and five species had a 
guilleminoid pattern of branching). Additionally, several alternate patterns of guilleminoid 
branching have been observed based on: 1) presence (e.g., Altemanthera caracasana) or 
absence (e.g., Altemanthera pungens) of flowers or inflorescences in the axils of the foliar leaf, 
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and 2) whether secondary branches develop solitary flowers (e.g., Guilleminea) or flowers 
aggregated into inflorescences (e.g., Altemanthera). In addition to increased sampling, further 
morphoanatomical work is required to understand the guilleminoid pattern. 
Breeding System Characters 
3) BREEDING SYSTEM. Breeding systems are diverse within the Chenopodiaceae-
Amaranthaceae alliance. The ancestral breeding system is monoclinous (flowers 
hermaphroditic), although it does not appear on the trees (Figure 1A-B). Dicliny (monoecy, 
dioecy, gynomonoecy, or gynodioecy) occurs as a synapomorphy for the Chamissoa-
Amaranthus clade (Figure IB) and is also part of the atripiicoid floral syndrome (Tables 3 and 
4; Figure 1A). 
ACCTRAN and DELTRAN optimizations differ in the assessment of the ancestral 
state of the node leading to Einadia and Chenopodium quinoa. ACCTRAN optimizes the 
node as diclinous with a reversal to monocliny in C. quinoa (Figure 1 A). DELTRAN 
optimizes the node as monoclinous with a gain of dicliny in Einadia and a parallel gain of 
dicliny at the node leading to Archiatriplex, Grayia, and A trip lex (optimizations not shown). 
Bract Characters 
4) STAMINATE BRACT NUMBER. Staminate bract number is polymorphic within the 
Chenopodiaceae-Amaranthaceae alliance (Figures 1 A-B). Staminate bracts are absent from 
the Beteae and the Chenopodieae-Atripliceae clade (although Agriophyllum, Cycloloma, and 
Hablitzia have independently derived a single bract). Three-bracted flowers is a 
synapomorphy for the Amaranthaceae-Polycnemoideae and Salicomioideae-Salsoloideae. 
Within the Salicomioideae-Salsoloideae, the Salicomioideae are characterized by a reversal to 
bracts absent, and a single bract is a synapomorphy for the Sclerolaena-Kochia clade (with a 
reversal to absent in Enchylaena). Within Amaranthaceae-Polycnemoideae the 
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Polycnemoideae are characterized by two bracts, and the Chamissoa-A maranthus clade is 
characterized by single bracts. Single bracts also occur within Pupalia. 
ACCTRAN and DELTRAN differ in the assessment of the ancestral condition of the 
Chamissoa-Amaranthus clade. Differences in the optimizations are due to the variable nature 
of the bracts within Chamissoa. Flowers of Chamissoa can be unibracteate, bibracteate, or 
tribracteate. The three conditions frequently occur within a single plant (optimization not 
shown). 
5) PISTILLATE BRACT NUMBER. Pistillate bract number is polymorphic within the 
Chenopodiaceae-Amaranthaceae alliance. In general pistillate bract optimizations follow the 
same pattern of distribution as staminate bracts (see above), excepting the Atripliceae 
(Archiatriplex, Atriplex, Grayia, Krascheninnikovia, and Spinacia). Staminate flowers of 
Atripliceae are bractless, while the pistillate flowers are subtended by two bracts, a condition 
which is part of the atripiicoid floral syndrome (Tables 3 and 4; Figure 1 A). 
ACCTRAN and DELTRAN differ in the assessment of the ancestral condition of the 
Chamissoa-Amaranthus clade as discussed above, but also differ in the assessment of the 
ancestral state of the Agriophyllum-Krascheninnikovia clade. The ancestral state of the node 
is uncertain in ACCTRAN. DELTRAN gives the ancestral state as bracts absent (data not 
shown). 
6) PISTILLATE BRACT DISARTICULATION. Pistillate bracts disarticulating and falling with 
the diaspore is a potential synapomorphy for the Amaranthaceae-Polycnemoideae clade. 
However, the Amaranthus-Ccloaeat clade and Bosea share a reversal to bracts that are 
persistent and remain on the plant after the diaspore has been dispersed (Figures IB and 7A) 
based on which ACCTRAN and DELTRAN optimize the ancestral conditions of the 
Amaranthaceae-Polycnemoideae differently (Figure 2). Our understanding of the importance 
of pistillate bract persistence is likely to improve as sampling of the basal clades of 
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Amaranthaceae increases. Pistillate bract persistence is also part of the atripiicoid floral 
syndrome (Table 3; Figures 1A and 2). 
AMARANTHACEOUS BRACT APPARATUS. Tribracteate flowers appears to be a 
synapomorphy for an Amaranthaceae-Polycnemoideae-Salicomioideae-Salsoloideac clade 
(Figure 1-A and B). However, the bracts of the Amaranthaceae are distinctive and homology 
of the three bracts of the Amaranthaceae to those of the Salsoloideae needs to be tested. 
The amaranthaceous bract apparatus has been variously described, but terminology 
has not been standardized. Most authors have used a combination of the terms bract and 
bracteole, but authors have differed in usage and application of the terms. We will therefore 
refer to the amaranthaceous bract apparatus as consisting of a primary bract and two 
secondary bracts (Figure 7C). The secondary bracts directly subtend the flower and may 
disarticulate and be dispersed enclosing the diaspore. The primary bracts subtend the 
secondary bracts and flower. The primary bract does not disarticulate, and remains on the 
plant after anthocarp dispersal (Figure 7). 
The Polycnemoideae have solitary flowers that are subtended by two well-developed 
bracts, which disarticulate and are dispersed with the anthocarp. The flower-bract structures 
are located in the axils of foliar leaves. Traditionally the Polycnemoideae have been described 
as bibracteate, and the Polycnemoideae were scored as such (Appendix 3). However, the 
foliar leaves of the Polycnemoideae are positionally homologous to the primary bracts of the 
Amaranthaceous bract apparatus (Figure 7D-E). 
It is possible to use the sister-group relationship between the Polycnemoideae and 
Amaranthaceae to propose an hypothesis of the evolution of the amaranthaceous bract 
apparatus. According to this hypothesis, the amaranthaceous bract apparatus is homologous 
to the flower-bract structure of Polycnemoideae, the secondary bracts of Amaranthaceae 
being homologous to the paired bracts of Polycnemoideae, and the primary bract of the 
Amaranthaceae being a reduced true leaf homologous to the foliar leaf of the Polycnemoideae 
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(7D and F). Further support for this hypothesis comes from Amaranthus, in which the 
primary bracts can range from reduced, bract-like structures to small foliar, leaf-shaped 
structures on a single specimen. According to this hypothesis, the amaranthaceous bract 
apparatus is the plesiomorphic condition for the Amaranthaceae-Polycnemoideae clade, with 
the compound dichasia found in some taxa (e.g., Amaranthus) representing subsequent 
elaborations (Figure 7A). 
An alternate hypothesis explaining the evolution of the amaranthaceous bract 
apparatus was proposed by Schinz (1892) based on the observation that a continuum exists 
within the Amaranthaceae between the compound dichasia of Amaranthus (Figure 7A) on the 
one hand and the Amaranthaceous bract apparatus on the other (Figure 7C). According to the 
Schinzian hypothesis, compound dichasia are the plesiomorphic condition within 
Amaranthaceae. The Amaranthaceous bract apparatus was formed by one or more 
independent reductions from compound dichasia to solitary flowers subtended by vestigial 
bracts. 
Evidence for the Schinzian hypothesis comes from intermediate inflorescence and 
bract patterns found in Pupalia and Chamissoa. Sterile flowers develop in the axils of the 
secondary bracts of Pupalia, the tertiary flowers being modified into hooked structures 
(Figure 7B). The Pupalia-type morphology is found in 19 genera and 60 species of mostly 
African endemics. In the Chamissoa pattern, bract and flower number are variable. Flowers 
on a single specimen of Chamissoa can be solitary and tribracteate, or flowers can develop in 
the axils of one or both of the secondary bracts (thus occasionally forming a complete, 
simple, three-flowered dichasium). The Chamissoa pattern is found in four other genera and 
26 species. According to the Schinzian hypothesis, the Chamissoa- and Pupalia-typc 
morphologies are intermediates between the fully developed compound dichasia of 
Amaranthus and the amaranthaceous bract apparatus. 
The strength of the first hypothesis lies in its use of the sister group relationship 
between Polycnemoideae and Amaranthaceae to explain the origins of the Amaranthaceous 
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bract apparatus following a simple evolutionary pathway. However, multiple flowers may 
occasionally be found in the leaf axils of some Polycnemoideae (e.g., Nitrophila, personal 
observation) and a large number of taxa (23 genera and 86 species) that possess the Schinzian 
intermediate Chamissoa- or Pupalia-type morphologies have not been tested 
phylogenetically. 
Sepal Characters 
7) STAMINATE SEPAL NUMBER. The ancestral sepal number for the Chen-Am alliance is 
five. Although some taxa within the study have sepal numbers of one (Monolepis), three 
(Salicornia), and four {Allenrolfea, Nototrichium, and Sclerolaena), no phylogenetically 
informative patterns occur in this study. 
8) STAMINATE SEPAL CONNATION. Connation of staminate flower sepals is an apparent 
synapomorphy for the Chenopodiaceae-Amaranthaceae alliance (Figures 1A and IB). Sepals 
free is a synapomorphy for the Amaranthaceae-Polycnemoideae lineage, excepting Froelichia 
and Guilleminea which have a reversal to connate sepals. Free sepals have evolved 
independently in Allenrolfea, Enchylaena, and Agriophyllum (Figure 1A). DELTRAN differs 
from the ACCTRAN optimization in creating parallel gains of sepal connation in Froelichia 
and Guilleminea (data not shown), while ACCTRAN optimizes a reversal to free sepals in 
the Gomphrena-Tidestromia-Gossypianthus clade (Figure IB). 
9) PISTILLATE SEPAL NUMBER. Five sepals is the ancestral condition within the Chen-
Am alliance. Pistillate sepals lacking is part of the atripiicoid floral syndrome (Table 3; 
Figure 1 A), excepting Archiatriplex which has 3-4 pistillate sepals. ACCTRAN and 
DELTRAN differ in assessing the ancestral condition for the Monolepis-Spinacia node. 
ACCTRAN is unable to resolve the node (Figure 1 A) while DELTRAN optimizes five 
sepals at the node. 
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10) PISTILLATE SEPAL CONNATION. Connation of pistillate flower sepals is an apparent 
synapomorphy for the Chenopodiaceae-Amaranthaceae alliance (Figures 1A and IB). Sepals 
free is a synapomorphy for the Amaranthaceae-Polycnemoideae lineage, excepting Froelichia 
and Guilleminea which have a reversal to connate sepals. Free sepals have evolved 
independently m Allenrolfea, Enchylaena, Agriophyllum, and Archiatriplex (Figure 1A). 
DELTRAN differs from the ACCTRAN optimization in creating parallel gains of sepal 
connation in Froelichia and Guilleminea (data not shown), while ACCTRAN optimizes a 
reversal to free sepals in the Gomphrena-Tidestromia-Gossypianthus clade (Figure IB). 
Pistillate sepals are absent from the Atripliceae (part of the atripiicoid floral 
syndrome- see discussion in Pistillate Sepal Number above). This creates uncertainty in 
assessing ancestral conditions with the Chenopodieae-Atripliceae clade. This uncertainty is 
reflected in differences between ACCTRAN and DELTRAN optimization topologies (Figure 
3). 
11) PISTILLATE PERIANTH APPENDAGES. Perianth appendages are a synapomorphy for 
the Salsola-Kochia clade (excepting Enchylaena which has a reversal to appendages absent). 
Appendages are present as hooked arms, wings, or ruffles (Figure 8 D-E). Cycloloma also 
has perianth appendages (Figure 8E), based on which it has been placed in the 
Camphorosmeae, represented here by Bassia-Kochia (Scott 1978; Kûhn 1993). However, 
claims that the perianth appendages in Cycloloma are not homologous to appendages within 
the Camphorosmeae appear justified (Volkens 1892; Ulbrich 1934; Mosyakin, in press), as 
Cycloloma is strongly supported as belonging to the Chenopodieae-Atripliceae clade (Figure 
1A). 
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Stamen Characters 
12) STAMEN NUMBER. The plesiomorphic stamen number for the Chen-Am alliance is 
five. Some taxa within the study have stamen numbers of one (Monolepis), two (Allenrolfea, 
Salicornia, and Hemichroa) three (Amaranthus blitoides), and four (Agriophyllum, 
Nototrichium, and Sclerolaena). Two stamens are a synapomorphy for Salicomioideae. 
13) STAMEN FILAMENT CONNATION. Stamen filament connation has been used as a 
synapomorphy for Amaranthaceae, and has been seen as justification for placement of 
Polycnemoideae within Amaranthaceae (Volkens 1892; Ulbrich 1934; Kûhn 1993; Townsend 
1993). Stamen filament connation is also found in the Chenopodieae-Atripliceae clade (Figure 
1 A) as previously reported (Flores and Davis 2001). The taxonomic significance of this 
character is currently obscure, although filament connation in the Amaranthaceae-
Polycnemoideae differs quantitatively from connation in the Chenopodieae-Atripliceae, 
filaments of the Amaranthaceae-Polycnemoideae being united into an obvious cup while 
filaments of the Chenopodieae-Atripliceae are usually only basally united and do not form an 
obvious cup. The status of filament connation within the Chenopodieae-Atripliceae will 
require examining the character in a phylogenetic context with a larger sampling from the 
clade. The significance of this character may also change as our knowledge of the branching 
order of the deeper nodes improves. 
14) ANTHER LOCULE NUMBER. Bithecal anthers is the ancestral condition for the 
Chenopodiaceae-Amaranthaceae alliance. Monothecal anthers is a synapomorphy for a 
monophyletic Gomphrenoideae (Figure IB). These data support the long held tradition that 
the Gomphrenoideae form a "natural" lineage based on this character (Schinz 1892; 
Townsend 1993). 
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Ovule Characters 
1 S) OVULE NUMBER. Multiple ovules have evolved once within the Chen-Am alliance, 
and are a synapomorphy for a monophyletic Celosieae (Figure IB). Celosieae are clearly 
embedded within the Amaranthaceae, and are not "basal" to the Chenopodiaceae-
Amaranthaceae alliance as postulated by Cronquist (1981). Multiple ovules have also 
evolved independently within the Caryophyllaceae, although the putatively basal members of 
that family are uniovulate (Figure IA). 
Embryo Characters 
16) EMBRYO CHARACTERS. Annular embryos are the plesiomorphic embryo shape of 
both Caryophyllales and Chenopodiaceae-Amaranthaceae alliance. The spiral embryo 
evolved within the Salicomioideae-Salsoloideae clade (Figure 1 A) and has been considered a 
synapomorphy for a monophyletic Salsoloideae (Volkens 1892; Ulbrich 1934; Kûhn 1993). 
ndhF gene sequence data reveal an either paraphyletic or polyphyletic Salsoloideae (Figure 
1 A), and that spiral embryos have either been lost multiple times (ACCTRAN) or have 
evolved multiple times (DELTRAN) (Figure 4), supporting hypotheses of embryo shape 
evolution and the polyphyly of the Salsoloideae as proposed by Carolin (1983) based on 
morphological grounds. 
Dispersal Units 
17) DISPERSAL UNITS. Diaspoies are extremely diverse (seeds, fruits, anthocarps, and 
multiples) within the Chenopodiaceae-Amaranthaceae alliance (Figure 8). Optimisations of 
dispersal units within the Chen-Am alliance reveal that the character is phylogenetically 
informative (Figures 1A-B, and 4). Anthocarps are the most common dispersal unit within 
the alliance and their presence is a synapomorphy for the {[(Amaranthaceae-
Polycnemoideae,) Salicomioideae-Salsoloideae,] and Chenopodieae-Atripliceae} under the 
topology shown (Figure 4). Under other topologies (Beteac placed sister to the 
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Salicomioideae-Salsoloideae) anthocarps are optimized as the ancestral dispersal unit for the 
entire Chen-Am alliance (data not shown). 
Seed dispersal is a synapomorphy for the Amaranthus-Celosieae clade and the Beteae. 
Fruit dispersal has arisen independently several times: within Amaranthus blitoides, Celosia, 
and Pleuropetalum of the A maranthus-Cclosicae clade; Bosea; and the Atripliceae (Tables 3 
and 4; Figure 5). Multiple dispersal has arisen independently in Pupalia, Hemichroa, and 
Beta (Figure 5). 
Petal Characters 
18) PETALS. The ancestral state for the Chenopodiaceae-Amaranthaceae-
Achatocarpaceae clade is petals absent 
Anatomical Characters 
19) PHLOEM SIEVE TUBE ELEMENT PLASTIDS. P3f sieve tube element plastids (plastid with 
a filamentous protein ring) are a synapomorphy (Figure 1 A) for the Chenopodiaceae-
Amaranthaceae alliance. 
20) PHLOEM SIEVE TUBE ELEMENT PLASTID CRYSTALS. Plastids lacking a crystalline 
intrusion is a synapomorphy (Figure 1 A) for the Chenopodiaceae-Amaranthaceae alliance 
(Behnke 1994). Taken together, phloem sieve-tube plastid ultrastructure (characters 19-20) 
of the Chen-Am alliance is unique among all angiosperms (Behnke 1993; Behnke 1994). 
Chloroplast Genome Structure 
21) Six bp DELETION AT NDHF BASE-PAIRS 1915-1920. The Sclerolaena-Kochia clade (tribes 
Sclerolaeneae and Camphorosmeae) is characterized by a synapomorphic six base-pair 
deletion at base-pairs 1915-1920 of the plastid encoded ndhF gene. Cycloloma, which has 
been included in the Camphorosmeae based on the presence of perianth appendages (Scott 
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1978; Kûhn 1993), lacks this deletion (Figure 1A). Absence of this indel lends further 
support for the exclusion of Cycloloma from tribe Camphorosmeae. 
CHARACTER-STATE CORRELATION 
Ovule Number by Dispersal Unit 
Ovule number is statistically correlated to dispersal unit (p=0.04.). Based on 
character-state correlations and character-state optimizations it is possible to formulate the 
following hypotheses for additional testing: I) the plesiomorphic state of the 
Chenopodiaceae-Amaranthaceae-Achatocarpaceae-Caryophyllaceae clade is ovules solitary, 
multiple ovules being a derived condition in Celosieae and Caryophyllaceae; and, 2) the 
derivation of multiple ovules is dependent on dispersal unit being seeds or fruits, not 
anthocarps or multiples. Both these hypotheses are testable using DISCRETE (Pagel 1999a; 
Pagel 1999b), but will require a deeper phylogenetic understanding of the evolution of both 
the Chenopodiaceae-Amaranthaceae alliance and the Caryophyllaceae. 
Atriplicoid Floral Syndrome 
Tribe Atripliceae as traditionally circumscribed is here polyphyletic, and the 
atriplicoid floral syndrome as optimized in this study independently evolved three times 
(Figure 1 A). Polyphyly of the Atripliceae is supported by previous research (Downie et al. 
1997; Cuénoud et al. 2002; Kadereit et al. 2002). Correlations of the atriplicoid floral 
syndrome are statistically significant at the 99% level for all pairwise comparisons, excepting 
comparisons between bract presence and dispersal unit (Table 6). These data suggest that the 
characters comprising the atriplicoid floral syndrome may be evolving as a single 
morphological unit. This hypothesis provides a much more parsimonious explanation for the 
optimization of these characters onto a molecular phytogeny. At least three hypotheses can 
be proposed to explain these results 
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Hypothesis 1, bract and sepal morphology have been misinterpreted within the 
Atripliceae. It is possible that the two atriplicoid bracts are in actuality sepals, in which case 
the Atripliceae would differ from the Chenopodieae only in breeding system (character 3) and 
pistillate sepal number (character 9), but would share the pistillate bract presence, bract 
persistence, and dispersal unit (characters 5,6, and 17) states of the Chenopodieae. 
Hypothesis 2, the atriplicoid floral syndrome is under positive selection for some 
habitat feature. In general the Atripliceae are found in more xeric habitats than the 
Chenopodieae, but such generalizations do not hold true for all taxa (e g., many species of 
Atriplex are found in more temperate environments and many species of Chenopodium are 
found in xeric habitats). In particular many taxa of Australian Chenopodieae are found 
sympatrically with taxa of the Atripliceae in extremely arid regions (Wilson 1984). 
Hypothesis 3, the atriplicoid floral syndrome genetically is the result of changes in a 
morphological developmental control gene or pathway producing a suite of changes. Doust 
and Kellogg (2002) found that changes in only a few developmental genes are likely to explain 
the unique morphology of the Panicoid bristle grass clade. Male and female flowers are often 
morphologically dimorphic in monoecious or dioecious taxa (Eckhart 1999). It is noteworthy 
that other than dicliny, the characters comprising the atriplicoid floral syndrome are female 
flower characteristics, while staminate flowers possess the plesiomorphic floral character-
states (i.e., no bracts and five sepals that are at least basally connate). It is possible that the 
atriplicoid floral syndrome is a genetic consequence of changes in breeding system. It will be 
possible to phylogenetically test the hypothesis that evolution of the other characters (5,6, 
9, and 17) of the atriplicoid floral syndrome is dependent on a prior change to dicliny using 
DISCRETE (Pagel 1999a; Pagel 1999b), although this hypothesis will require a more detailed 
phytogeny of the Chenopodieae-Atripiiceae clade. 
While developmental genetic studies for the Chenopodieae-Atripiiceae would be 
interesting, such studies will be difficult as little is known about chromosomes and genetics 
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within the alliance. Additionally, the situation is complicated by polyploidy which is 
extremely common within the Chenopodieae-Atripiiceae (Turner 1994). 
Testing hypotheses regarding the evolution of the atriplicoid floral syndrome will 
require careful assessment of morphological homologies as well as much greater sampling 
from the clade, as the tribes Chenopodieae and Atripliceae as traditionally circumscribed 
comprise 21 genera and 500 species (Kflhn 1993). This sampling must include a large number 
of species of Chenopodium (circa 140 species) and Atriplex (circa 300 species), both of which 
are likely to be polyphyletic (see figure IB for Chenopodium, and Flores and Davis 2001 for 
Atriplex). 
FUTURE WORK 
The data presented here represent a preliminary analysis of morphological variation 
and evolution within the Chenopodiaceae-Amaranthaceae alliance. Morphological data show 
great promise and additional characters need to be explored. Two sets of characters are 
currently under consideration by other researchers including pollen (Borsch 1998; Borsch and 
Barthlott 1998) and C4 photosynthesis and kranz anatomy (Jacobs 2001). Additional 
characters for investigation include pollination syndrome, dispersal mechanism, 
synflorescence zonation, anomalous secondary growth patterns, trichomes (Carolin 1983), 
and epicuticular wax (Barthlott 1994). 
In addition to increased morphological work, additional data are needed to recover 
branching topology of the deeper nodes. The molecular backbone presented in this paper is 
based on the plastid encoded ndhF datai set Phylogenetic work is being done in collaboration 
with other researchers who arc developing rbcL and matK data sets (Borsch). Additionally 
we plan to begin development of nuclear-based phytogenies. 
Our future goals are therefore: 
1) To increase the morphological data set both in number of characters and taxa 
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2) Increase phylogenetic understanding of the Chenopodiaceae-Amaranthaceae alliance, 
in terms of resolution of branching order of the four lineages and increased sampling 
within lineages 
72 
LITERATURE CITED 
Angiosperm Phytogeny Group. 1998. An ordinal classification for the families of flowering 
plants. Annals of the Missouri Botanical Gardens 85: 531-553. 
Barthlott, W. 1994. Epicuticular wax ultrastructure and systematics. Pp. 75-85 Pp. 235-246 
in Caryophyllales evolution and systematics, eds. Behnke, H. D. and T. J. Mabry. 
Springer-Verlag, Berlin, Germany. 
Behnke, H. D. 1993. Further studies of the sieve-element plastids of the Caryophyllales 
including Barbeuia, Corrigiola, Lyallia, Microtea, Sarcobatus, and Telephium. Plant 
Systematics and Evolution 186:231-243. 
Behnke, H. D. 1994. Sieve-element plastids; their significance for the evolution and 
systematics of the order. Pp. 87-121 in Caryophyllales evolution and systematics, 
eds. Behnke, H. D. and T. J. Mabry. Springer-Verlag, Berlin, Germany. 
Blackwell, W. H. 1977. The subfamilies of the Chenopodiaceae. Taxon 26:395-397. 
Borsch, T. 1998. Pollen types in the Amaranthaceae morphology and evolutionary 
significance. Grana 37: 129-142. 
Borsch, T. and W. Barthlott 1998. Structure and evolution of metareticulate pollen. Grana 
37: 68-78. 
Borsch, T., S. Clemants, and S. Mosyakin. 2001. Symposium: Biology of the 
Amaranthaceae-Chenopodiaceae alliance. Journal of the Torrey Botanical Society 
128: 234-235. 
Borsch, T.. In Prep. Phytogeny of Amaranthaceae and Chenopodiaceae and the evolution of 
C4 photosynthesis. 
Carolin, R. C. 1983. The trichomes of the Chenopodiaceae-Amaranthaceae. Bot Jahr. Syst 
103: 451-466. 
Cronquist, A. 1981. An integrated system ofclassification of flowering plants. Columbia 
University Press, New York, New York. 
Cucnoud, P., V. Savolainen, L.W. Chatrou, M. Powell, RJ. Grayer, and M.W. Chase. 2002. 
Molecular phytogenetics of Caryophyllales based on nuclear 18S rDNA and plastid 
rbcL, atpB, and matK DNA sequences. American Journal of Botany 89:132-144. 
Doust, A.N. and E.A. Kellogg. 2002. Inflorescence diversification in the Panicoid "Bristle 
Grass" clade (Paniceae, Poaceae): Evidence from molecular phytogenies and 
developmental morphology. American Journal of Botany 89: 1203-1222. 
Downie, S.R. and J.D. Palmer. 1994. A chloroplast DNA phytogeny of the Caryophyllales 
based on structural and inverted repeat restriction site variation. Systematic Botany 
19: 236-252. 
73 
Downie, S. R., D. S. Katz-Downie, and K. J. Cho. 1997. Relationships in the Caryophyllales 
as suggested by phylogenetic analysis of partial chloroplast ORF 2280 homolog 
sequences. American Journal of Botany 84: 253-273. 
Eckhart, V. 1999. Sexual dimorphism in flowers and inflorescences. Pp. 123-148 in Gender 
and Sexual Dimorphism in Flowering Plants, ed. Geber, MA., T.E. Dawson, and L.F. 
Delph. Springer-Verlag, Berlin, Germany. 
Flores, F. and J. I. Davis. 2001. A cladistic analysis of Atripliceae (Chenopodiaceae) based 
on morphological data. Journal of the Torrey Botanical Society 128:297-319. 
Hegi, G. 1911. Ulustrierte Flora von Mitteleuorpa, vol. 3. J.F. Lehman's Verlag, Munich, 
Germany. 
Hershkovitz, M. A. 1989. Phylogenetic studies in Centrospermae: A brief appraisal. Taxon 
38: 602-610. 
Jacobs, S. W. L. 2001. Review of leaf anatomy and ultrastructure in the Chenopodiaceae 
(Caryophyllales). Journal of the Torrey Botanical Society 128: 236-253. 
Judd, W. S., C. S. Campbell, E. A. Kellogg, and P. F. Stevens. 2002. Amaranthaceae. Pp. 
245-246 in Plant Systematics: A Phylogenetic Approach. Sinauer Associates, Inc. 
Massachusetts, USA. 
Kûhn, U. 1993. Chenopodiaceae. Chenopodiaceae. Pp. 253-281 in The Families and 
Genera of Vascular Plants vol II, ed. K. Kubitzki. Springer-Verlag, Berlin, Germany. 
Maddison D R. and W.P. Maddison. 2000. Maclade 4.0. Sinauer and Associates, 
Sunderland, Massachusetts, USA. 
Manhart, J. R. and J. H. Rettig. 1994. Gene sequence data. Pp. 235-246 in Caryophyllales 
evolution and systematics, eds. Behnke, H. D. and T. J. Mabry. Springer-Verlag, 
Berlin, Germany. 
Mosyakin, S. In press. Cycloloma in Flora of North America. 
Pagel, M 1999a. Inferring the historical patterns of biological evolution. Nature 401: 877-
884. 
Pagel, M. 199b. The maximum likelihood approach to reconstructing ancestral character 
states of discrete characters on phytogenies. Systematic Biology 48: 612-622. 
Pratt, D. B. and L. G. Clark. 2001. Amaranthus rudis and ^ 4. tuberculatus— One species or 
two? Journal of the Torrey Botanical Society 128: 282-296. 
Rodman, J. E., M. K. Oliver, R. Nakamura, J. U. McClammer Jr., and A. H. Bledsoe. 1984. 
A taxonomic analysis and revised classification of Centrospermae. Systematic 
Botany 9: 297-323. 
Schinz, H. 1892. Amaranthaceae. Pp. 91-118 in Die Natûrlichen Pflamenfamilien m, la, 
Engler, A. and K. Prantl [eds.], 1st ed. Engelmann, Leipzig, Germany. 
74 
Scott, A. J. 1977. Proposal to conserve the family name Salsolaceae Moquin-Tandon (1849) 
(Caryophyllales) when it is treated as a separate family from the Chenopodiaceae 
Ventenat (1799). Taxon 26: 246. 
Scott, A J. 1978. A revision of the Camphorosmioideae (Chenopodiaceae). Feddes 
Repertorium 89: 101-119. 
Swoflbrd, D.L. 1998. PAUP*4.0 Phylogenetic Analysis Using Parsimony (and Other 
Methods). Sinauer and Associates, Sunderland, Massachusetts, USA. 
Townsend, C. C. Amaranthaceae. Pp. 70-91 in The Families and Genera of Vascular Plants 
vol II, ed. K. Kubitzki. Springer-Verlag, Berlin, Germany. 
Turner, BX. 1994. Chromosome numbers and their phyletic interpretation. Pp. 27-44 in 
Caryophyllales evolution and systematics, eds. Behnke, H. D. and T. J. Mabry. 
Springer-Verlag, Berlin, Germany. 
Ulbrich, E. 1934. Chenopodiaceae. Pp. 379-584 in Die Natiirlichen Pflanzenfamilien 16c, 
Engler, A. and K. Prantl [eds.], 2n ed. Engelmann, Leipzig, Germany. 
Volkens, G. 1892 Chenopodiaceae. Pp. 36-91 in Die Natiirlichen Pflanzenfamilien III, la, 
Engler, A. and K. Prantl [eds.], 1st ed. Engelmann, Leipzig, Germany. 
Wiley, E.O., D. Siegel-Causey, D R. Brooks, and VA Funk. 1991. The Complete Cladist: A 
Primer of Phylogenetic Procedures. The University of Kansas Printing Services, 
Lawrence, Kansas, USA. 
Williams, J. T. and B. V. Ford-Lloyd. 1974. The systematics of the Chenopodiaceae. 
Taxon 23:353-354. 
Wilson, P. 1984. Chenopodiaceae in Flora of Australia vol. 4. Griffin Press Ltd., Netley, 
South Australia. 
75 
Table 1. Traditional Diagnosis of the Amaranthaceae and Chenopodiaceae Based on 
Morphological Characters. 
Stamen Connation Sepal fleshiness Sepal color 
Amaranthaceae Connate Papery Red 
Chenopodiaceae Free Fleshy Green 
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Table 2—Morphological characteristics of the Chenopodiaceae-Amaranthaceae 
Alliance (Kflhn 1992; Townsend 1993). Diagnostic characters in boldface. 
Amaranthaceae—Flowers tribracteate (except in Amaranthus), stamen filaments connate 
(except in Amaranthus) 
Amaranthoideae—Anthers bithecal 
Amarantheae—Ovules solitary 
Celosieae—Multi-ovulate 
Gomphrenoideae—Anthers monothecal 
Pseudoplantageae—Fertile (hermaphroditic) flowers subtended by two 
rigid, sterile flowers 
Gomphreneae—Fertile flowers not subtended by sterile flowers 
Chenopodiaceae—Bract number various, stamens free (except in Polycnemoideae) 
Chenopodioideae—Stems not succulent, leaves well developed, flowers not sunken 
into the stem, embryo annular 
Beteae—Flowers bisexual, flowers ebracteolate or subtended by minute bracts, 
dispersal unit a seed or multiple 
Chenopodieae—Breeding system various, flowers mostly ebracteolate, 
perianth present, dispersal unit an anthocarp 
Atripliceae—Breeding system mostly monoecious or dioecious, fruiting 
flowers bibracteate and perianth wanting, dispersal unit a fruit 
enclosed within the bracts 
Camphorosmeae—Breeding system various, flowers ebracteolate, fruiting 
perianth membranous, dispersal unit an anthocarp 
Corispermeae— Breeding system various, flowers ebracteolate, perianth 
rudimentary, dispersal unit the fruit 
Sclerolaenae— Breeding system various, flowers ebracteolate, fruiting 
perianth hardened, dispersal unit an anthocarp 
Salicomioideae—Stems succulent, leaves reduced, flowers sunken into cavities 
in the stem, embryo annular 
Halopeplidae—Stems entire 
Salicomieac—Stems articulate 
Polycnemoideae—Stems not succulent, leaves well developed, flowers not sunken 
into the stem, stamen filaments connate, embryo annular 
Salsoloideae—Stems not succulent, leaves well developed, flowers not sunken into the 
stem, embryo spiral 
Salsoleac—Flowers bracts conspicuous 
Suaedeae—Flowers bracts inconspicuous 
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Table 3. Atriplicoid FlonU Syndrome. 
Chenopodieae Atripliceae 
Breeding System Monoclinous Diclinous 
Pistillate Bract Number 0 2 
P. Bract Disarticulation Persistent Disarticulating 
P. Sepal Number 5 0 
Dispersal Unit Anthocarp Fruit 
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Table 4. Morphologie»! Characters. /= character inapplicable 
Morphological Characters 
Leaf Characters 
1 LEAF PRESENCE. 0 » absent, I =* present. 
2 PHYLLOTAXY. 0 = alternate, I * opposite, 2 = guilleminoid. 
Breeding System Characters 
3 BREEDING SYSTEM. 0 = monoclinous (flowers hermaphrodite), 1 = diclinous (plants monoecious or 
dioecious). 
Bract Characters 
4 STAMINATE BRACT NUMBER. 0 = absent, I « one, 2 = two, 3 = three. 
5 PISTILLATE BRACT NUMBER. 0 = absent, I * one, 2 = two, 3 = three. 
6 PISTILLATE BRACT DISARTICULATION. 0 = persistent on plant and not disarticulating with the 
diaspore, 1 • disarticulating and falling with the diaspore, /* (i.e., pistillate bracts absent). 
Sepal Characters 
7 STAMINATE SEPAL NUMBER. 0 = absent, 1 = one, 2 = two, 3 = three, 4 » four, 5 = five. 
8 STAMINATE SEPAL CONNATION. 0 = free, 1 * united (at least basally), / » (i.e., staminate sepals 
one or absent). 
9 PISTILLATE SEPAL NUMBER. 0 * absent, 1 = sepal, 2 = sepals, 3 = sepals, 4 = sepals, 5 = sepals. 
10 PISTILLATE SEPAL CONNATION. 0 * free, 1 = united (at least basally), / * (i.e., pistillate sepals 
one or absent). 
11 PISTILLATE PERIANTH APPENDAGES. 0 3 absent, 1 = present, / = (i.e., pistillate sepals absent). 
Stamen Characters 
12 STAMEN NUMBER- 0 = one, I " two, 2 = three s, 3 = four, 4 « five, 5 * 6 or more. 
13 STAMEN FILAMENT CONNATION. 0 - free, 1 = united at least basally. 
14 ANTHER LOCULE NUMBER. 0 = bithecal, 1 - monothecal. 
Ovule Characters 
15 OVULE NUMBER. 0 » solitary, I = many. 
Embryo Characters 
16 EMBRYO SHAPE. 0 « annular, I " spiral. 
Dispersal Units 
17 DISPERSAL UNIT. 0 « seed, 1 * fruit, 2 * anthocarp, 3 » multiple. 
Petal Characters 
18 PETALS. 0 = absent, 1 * present 
Anatomical Characters 
19 PHLOEM SIEVE TUBE ELEMENT PLASTIDS. 0 - P3cf, I « P3f 
20 PHLOEM SIEVE TUBE PLASTID CRYSTALS. 0 * crystal absent, I = crystal polygonal. 
Molecular Character 
Chloroplast Genome Structure 
21SKb^^ETjOTIATB^BA5EPAK^91W5^^a^^ i^Hent 
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Table S. Diagnostic Characters for the Amaranthaceae-Polycnemoideae Clade 
Chenopodiaceae Amaranthaceae-Polycnemoideae 
Sepal connation Basally-strongly connate1 Free1 
Filament connation Free to weakly connate Connate2 
Bract Disarticulation Persistent3 Disarticulating3 
'Exceptions include Agriophyllum, Allertrolfea, and Enchylaena in Chenopodiaceae and 
Froelichia and Guilleminea in Amaranthaceae. 
^Exceptions include Amaranthus which has free filaments. 
3 Exceptions include the Amaranthus-Celosieae clade and Bosea in Amaranthaceae which have 
non-disarticulating bracts, and Atripliceae in Chenopodiaceae which have disarticulating 
bracts. 
Table 6. Character-State Correlations of the Atriplicoid Floral Syndrome (p-values). 
^^Boldfiœ^ t^atistiçal^ nsijgificamt^ value^ i^stilla^nct^ S j^NstillMejegals^  ^
B. presence B. disarticulation S. presence Dispersal unit 
Breeding System 0.01 <0.01 0.01 <0.01 
Bract presence <0.01 <0.01 0.10 
Bract disarticulation <0.01 0.01 
Sepal presence 0.01 
Figure 1A- Morphological Character Optimization, Core Chenopodiaceae 
expanded. Solid hash marks = unique character state changes (character number 
indicated above, character-state indicated below), open hash marks = states not uniquely 
derived under this optimization scheme (character number indicated above, character-
state indicated below) (see Appendices 2 and 3). Clear box - Amaranthaceae and 
Polycnemoideae, shaded boxes - Chenopodiaceae, boldface - Atripliceae, AC -
Achatocarpaceae. 
. Caryophyll 
Beteae Ac aceae Salicomioideae-Salsoloideae Chenopodieae-Atripiiceae 
8" "o 
Figure IB- Morphological Character Optimization, Amaranthaceae and 
Polycnemoideae expanded. Solid hash marks = unique character state changes 
(character number indicated above, character-state indicated below), open hash marks = 
states not uniquely derived under this optimization scheme (character number indicated 
above, character-state indicated below) (see Appendices 2 and 3). Clear boxes = 
Amaranthaceae and Polycnemoideae, shaded box = Chenopodiaceae, AC = 
Achatocarpaceae. 
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Figure 2- ACCTRAN and DELTRAN Optimizations of Pistillate Bract 
Disarticulation (Character 6). Solid lines = bracts non-disarticulating; dashed lines = 
bracts disarticulating; bold dotted lines= character inapplicable; dotted lines = character 
state unresolved in optimization scheme. Clear boxes = Amaranthaceae, shaded boxes= 
Chenopodiaceae, AMI = Amarantheae 1, C = Celosieae, AM2 = Amarantheae 2, G = 
Gomphrenoideae, P = Polycnemoideae, S-S = Salicomioideae-Salsoloideae, C-A = 
Chenopodieae-Atripiiceae, boldface = Atripliceae, B = Beteae, AC = Achatocarpaceae, 
CAR = Caryophyllaceae. 
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Figure 3- ACCTRAN and DELTRAN Optimizations of Pistillate Sepal Connation 
(Character 10). Solid lines = sepals connate; dashed lines = sepals free; bold dotted 
lines= character inapplicable; and dotted lines = character state unresolved in 
optimization scheme. Clear boxes - Amaranthaceae, shaded boxes = Chenopodiaceae, 
AMI = Amarantheae 1, C = Celosieae, AM2 = Amarantheae 2, G = Gomphrenoideae, P 
= Polycnemoideae, S-S = Salicomioideae-Salsoloideae, C-A = Chenopodieae-
Atripiiceae, boldface = Atripliceae, B = Beteae, AC = Achatocarpaceae, CAR = 
Caryophyllaceae. 
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Figure 4- ACCTRAN and DELTRAN Optimizations of Embryo Type (Character 
16). Solid lines = annular embryo; dotted lines = spiral embryo. Clear boxes = 
Amaranthaceae, shaded boxes = Chenopodiaceae, AMI = Amarantheae 1, C = Celosieae, 
AM2 = Amarantheae 2, G = Gomphrenoideae, P = Polycnemoideae, S-S = 
Salicomioideae-Salsoloideae, C-A = Chenopodieae-Atripiiceae, boldface = Atripliceae, 
B = Beteae, AC = Achatocarpaceae, CAR = Caryophyllaceae. 
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Figure 5- ACCTRAN Optimization off Dispersal Unit (Character 17). Solid lines-
seed dispersal; dashed lines= fruit dispersal; dot-dashed lines= anthocarp; dotted lines= 
multiples. Clear boxes= Amaranthaceae, shaded boxes= Chenopodiaceae, AM1= 
Amarantheae 1, C- Celosieae, AM2= Amarantheae 2, G= Gomphrenoideae, P= 
Polycnemoideae, S-S= Salicomioideae-Salsoloideae, C-A= Chenopodieae-Atripiiceae, 
boldface = Atripliceae, B= Beteae, AC= Achatocarpaceae, CAR= Caryophyllaceae. 
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Figure 6. Guilleminoid Phyllotaxy. A. Schematic diagram of guilleminoid phyllotaxy. 
B. Guilleminea densa. C. Alternanthera pungens. fl = foliar leaf; ol — opposing leaf; i -
flower or inflorescence; 1 = primary stem axis; 2 = secondary axis. 
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Figure 7. Amaranthaceous Bract Apparatus. A-C Schematic diagrams of, A. 
Amaranthus compound dichasium; B. Pvpalia dichasium with sterile flowers; and C 
Gomphrena flower. D. Polycnemum, showing flower with primary and secondary bracts. 
E-F. Schematic diagrams of, E. Polycnemum inflorescence showing disarticulation of 
anthocarps with secondary bracts; and F. Gomphrena inflorescence showing 
disarticulation of anthocarps with secondary bracts. G. Gomphrena, showing flower with 
primary and secondary bracts. 1 = primary bracts; 2 = secondary bracts; 3 = tertiary 
bracts; a = anthers; f = flower; nfv = floral node as seen in face view (bracts and flowers 
not diagramed); solid circles = stem axes; open circles = fertile flowers; asterisks = sterile 
flowers; open triangles = inflorescences; lines = bracts; hash marks = disarticulating 
bracts; arrows = point of disarticulation; open rectangles = stems in longitudinal view; 
solid bars = nodes. 
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Figure 8. Dispersal Units. A, Seed dispersal (Amaranthus sp. nov.). B. Fruit 
(Corispermum americanum). C. Anthocarp (Chenopodhtm album). D. Anthocarp with 
hooked-arm perianth appendages (Bassia hyssopifolhan). E. Anthocarp with ruffled-
wing perianth appendage (Cycloloma atriplicifolium). F. Anthocarp enclosed within 
disarticulating secondary bracts (Gomphrena neallyii). a - anthers; f = fruit; fc = fruit 
cap; fi - filament; fw - fruit wing (note, this is not a perianth appendage); pa = perianth 
appendage (hooked arms or ruffled wings); pb - primary bract; s - seed; sb = secondary 
bracts; spl - sepals; st = stigma/style. 
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Appendix 1. Specimens Examined. BPM- Borsch, Pratt, and Millier, BRY- Brigham 
Young University Herbarium, ISC= Iowa State Ada Hayden Herbarium, MO= Missouri 
Botanical Garden Herbarium. 
Taxon Location, collector name and number, 
herbarium 
Amaranthsceae 
Amaranthoideae 
Amaraniheae 
Achyranthes bidentata Blume 
Aerva javonica (Burm. f.) Juss. 
Amaranthus blitoides S. Wats. 
Amcuranthus retroflexits L. 
Bosea yervamora L. 
Calicorema capitulata (Moq.) Hooker f. 
Chamissoa altissima (Jacq.) Kuntil 
Charpentiera obovata Gaud. 
Charperuiera avata Gaud. 
Nototriehium humile Hillebr. 
Pandiaka heudelotii (Moq.) Benth. et Hook. 
Ptilotus obovatus (Gaudich.) F. Muell. 
Pupalia lappacea (L.) Juss. 
Celosieae 
Celosia argentea L. 
Deeringia polyspermia (Roxb.) Moq. 
Hennbstaedtia glauea Moq. 
Pleuropetalum sprucei (Hook, f.) Standley 
Gomphrenoidcae 
Alternanthera earaeasana Kunth 
Alternanthera pungens Kunth 
Blutaparon vermieularis (L.) Mears 
Froelichia floridana (NutL) Moq. 
Gomphrena globosa L. 
Guilleminea densa (Humboldt & Bonpland) Moq. 
Gossypianthus lanuginosa (Point) Moq. 
Tidestromia lanuginosa (Nuit.) Standley 
Cheeopodiaceae 
Chenopodioideae 
Atripliceae 
A triplex eanescens (Pursh) NutL 
A triplex truncata (Torr.) Gray 
Grayia spinosa (Hook.) Moq. 
Kraschenninikovia lanata (Pursh) Meeuse & Smit 
Monolepis mtttaliana (SchulL) Greene 
Spinaeia oleraeea L. 
Ames, Iowa, Pratt 201 (ISC) 
Pakistan, Ajab & Ashraf 1254 (MO) 
Ames, Iowa, Pratt 200 (ISC) 
Ames, Iowa, Pratt 199 (ISC) 
Canary Islands, Kunkel 12484 (MO) 
Canary Islands, Bramwell 1326 (MO) 
South West Africa, Giess, Volk, & Bleissner 
6206 (MO) 
Bolivia, Nee 40597 (ISC) 
Oahu, Hawaii, Perlman & Lau 6125 (MO) 
Maui, Hawaii, Sohmer 6594 (MO) 
Oahu, Hawaii, Oegener (ISC) 
Burundi, Lambinon 78/84 (MO) 
Australia, Conn 2285 (MO) 
Ghana, Schmidt, Amponsah, & Welsing 1881 
(MO) 
Ames, Iowa, Pratt 222 (ISC) 
Taiwan, Shu-Hui Wu 1153 (MO) 
South Africa, Esterhuysen 240 (MO) 
Costa Rica, Jimenez & Soto 981 (MO); 
Costa Rica, Haber & Zuchowski 9397 (MO) 
Alpine, Texas, BPM 3433 (ISC) 
Carlsbad, New Mexico, BPM 3449 (ISC) 
South Padre Island, Texas, BPM 3444 (ISC) 
Mcintosh Co., Georgia, Duncan, 20458 (ISC) 
Ames, Iowa, Pratt 228 (ISC) 
Alpine, Texas, BPM 3434 (ISC) 
Tarrant Co., Texas, Ruth 977 (ISC) 
Mustang Island, Texas, BPM 3459 (ISC) 
EI Paso, Texas, BPM 3431 (ISC) 
Ute Lake, New Mexico, BPM 3453 (ISC) 
Utah, Peabody, Taylor, & Thome 336 (BRY); 
Utah, Neese 1654 (BRY). 
Nye Co., Nevada, Beach 875 (ISC); Bynum 
Mountain, Montana, Welsh & Moore 7253 
(ISC) 
Green River, Utah, Harris 352 (BRY) 
Provo, Utah, Thome 1457 (BRY) 
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Beteae 
Beta vulgaris L. 
Hablitzia thamnoides Bleb. 
Camphorosmeae 
Bassia hirsuta (L.) P. Ascherson 
Cycloloma ettripliciofolium (Sprang.) J.M. Coulter 
Kochia scoparia (L.) Schiader 
Chenopodieae 
Chenopodium ambrosioides L. 
Chenopodium rubrum L. 
Einadia nutans (R. Br.) A. J. Scott 
Corispermcac 
Agriophyllum squarrosum (L.) Moq. 
Sclerolaeneae 
Enchylaena tomentosa R. Br. 
Salicomioideae 
Allenrolfea occidentals (S. Wats.) Kuntze 
Salicornia utahensis Tidestr. 
Salsoloideae 
Salsoleae 
Halogeton glomeratus (M. Bieb.) CA. Meyer 
Salsola kali L. 
Suaedeae 
Suaeda calceoliformis (Hooker) Moq. 
Suaeda moquinii (Torr.) E. Greene 
Polycnemoideae 
Hemichroa diandra R. Br. 
Polycnemum magus A. Braun 
Nitrophila occidentalis S. Wats. 
Achatocarpaceae 
Phaulothamnus spinescens Gray 
Caryophyllaceae 
lllecebrum verticillatum L. 
Lychnis chalcedonica L. 
Silene latifolia Poiret. 
Provo, Utah, Thome 1321 (BRY) 
Armenia, McNeal, Hoch, & Antonio 476 (MO) 
Carlsbad, New Mexico, BPM 3450 (ISC) 
Rio Ariba Co., New Mexico, Heil & Mietty 
15473 (BRY) 
Hudspeth Co., Texas, Pratt 219 (ISC) 
Ames, Iowa, Pratt 221 (ISC) 
Ames, Iowa, Pratt 224 (ISC) 
North Otago, New Zealand, Sykes 46/82 (MO) 
Xinjiang, China, Liston 827-7 (MO) 
South Australia, Donner 7547 (MO) 
Fort Stockton, Texas, BPM 3447 (ISC) 
Juab Co., Utah, Pratt 196 (ISC) 
Juab Co., Utah, Pratt 205 (ISC) 
Alpine, Texas, BPM 3435 (ISC) 
Port Mansfield, Texas, BPM 3440 (ISC) 
Chambermo, New Mexico, BPM 3420 (ISC) 
Queensland, Australia, Purdie 1516 (MO); 
Queensland, Australia, Blake 11842 (MO) 
Hungary, Karotyi 978 (BRY) 
Utah, Fish Springs Wildlife Preserve, Pratt 204 
(ISC) 
Brownsville, Texas, BPM 3446 (ISC) 
Strarkenburg, Germany, DOrersn. (ISC) 
Ames, Iowa, Pratt 226 (ISC) 
Ames, Iowa, Pratt 223 (ISC) 
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Appendix 2. Morphological Characters 
Morphological Characters 
Vegetative Characters 
1 LEAF PRESENCE. 0 - absent, 1 " present. This character refers to well-developed leaves. The 
Salicomioideae are notable for the lack of well-developed leaves, a trait that is otherwise uncommon in 
the alliance. 
2 PHYLLOTAXY. 0 = alternate, 1 " opposite, 2 - guilleminoid. The guilleminoid type of leaf position 
is named after Guilleminea, and is a modified type of opposite leaves (see results Phyllotaxy for a full 
discussion). Phyllotaxy was determined in AUenrolfea (alternate) and Salicornia (opposite), which are 
leafless, based on branching pattern and inflorescence position. 
Breeding System Characters 
3 BREEDING SYSTEM. 0 = monoclinous (hermaphrodite), 1 * diclinous (plants monoecious or 
dioecious). This character was scored as monoclinous or diclinous, as these character states seem to be 
constant within a genus, whereas types of dicliny (monoecy, dioecy, gynomonoecy, and gynodioecy) 
segregate within genera (e.g., Amarcmthus and Atriplex both have monoecious and dioecious species). 
Coding of the more specific type of breeding system is therefore misleading at this level of analysis. 
The presence of both monoclinous and diclinous breeding systems makes coding of sepal characters 
difficult, as sepal morphology of the staminate flowers is often very different fiom pistillate sepal 
morphology (e.g., Atripliceae which have five staminate sepals, and pistillate sepals lacking) (iCQhn 
1997). For this reason sepal characters have been divided into staminate and pistillate floral characters. 
Hermaphrodite flowers were scored twice, once as staminate and once as pistillate. 
Bract Characters 
4 STAMINATE BRACT NUMBER. 0 • absent, I = one, 2 = two, or 3 * three. 
5 PISTILLATE BRACT NUMBER. 0 = absent, I = one, 2 * two, or 3 = three. Bract number is highly 
variable, but patterns of variation seem significant Atripliceae have two pistillate bracts. 
Amaranthaceae have three bracts, excepting Amaranthus. 
6 PISTILLATE BRACT DISARTICULATION. 0 = persistent on plant and not disarticulating with the 
diaspore, I = disarticulating and felling with the diaspora, / = character inapplicable (Le,, bracts 
absent- character 5). Bracts of both Atripliceae and Amaranthaceae are persistent and fell with the fruit 
(Atripliceae), or with the anthocarp or multiple (Amaranthaceae). 
Sepal Characters 
7 STAMINATE SEPAL NUMBER. 0 * absent, I = one, 2 * two, 3 * three, 4 * four, or 5 * five. 
8 STAMINATE SEPAL CONNATION. 0 = free, 1 « connate, at least basally, / « character inapplicable 
(i.e. sepals absent- character 7). 
9 PISTILLATE SEPAL NUMBER. 0 * absent, I = one, 2 = two, 3 * three, 4 * four, or 5 * five. 
10 PISTILLATE SEPAL CONNATION. 0 « sepals free, I = sepals connate, at least basally, / ~ character 
inapplicable (i.e. sepals absent- character 9). 
11 PISTILLATE PERIANTH APPENDAGES. 0 - appendages absent, 1 = appendages present, / = 
character inapplicable (i.e_, sepals absent- character 9). Perianth appendages can be highly variable in 
form, including wings (e g., Kochia), hooked arms (e.g., Bassia), or ruffles (e g., Cycloloma). 
Mosyakin (in press) warns that perianth appendages may have evolved independently in separate 
lineages-
Stamen Characters 
12 STAMEN NUMBER. 0 * one, I * two, 2 » three, 3 » four, 4 * five, 5 * numerous (six or more). 
13 STAMEN FILAMENT CONNATION. 0 = free, I * connate, at least basally. Stamen filament 
carnation is a putative synapomoiphy for the Amaranthaceae (excepting Amaranthus which has 
stamens free). However, recent work in the Atripliceae shows that many members of that tribe have 
anthers connate at least basally (Flores and Davis 2001), calling into question the significance of 
character state within the alliance. 
14 ANTHER LOCULE NUMBER. 0* four anther locales (bithecal), 1= two anther locales (monothecal). 
The monothecal condition is the putative synapomorphy for the Gomphrenoideae. 
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Ovule characters 
15 OVULE NUMBER. 0 = ovules solitary, I * ovules two-several. 
Embryo characters 
16 EMBRYO SHAPE. 0 = embryo annular, 1 * embryo spiral. This character was scored using the 
literature (see VoUcens 1892; Ulbrich 1934; Kùhn 1993; Townsend 1993). 
Dispersal Unit 
17 DISPERSAL UNIT. 0 = seed, I = fruit, 2 = anthocarp, 3 = multiple. Dispersal units within the 
alliance are very diverse, but have not been analyzed previously for taxonomic utility. Anthocarp is 
here defined as a fruit that is dispersed enclosed within the persistent (although not connate) perianth. 
Petal Characters 
18 PETAL PRESENCE. 0 « absent, I « present 
Anatomical Characters 
19 PHLOEM SIEVE TUBE ELEMENT PLASTIDS 0 = P3cf, P3f= 1 (see Behnke 1994). 
20 PHLOEM SIEVE TUBE PLASTID CRYSTALS 0 = absent I = polygonal (see Behnke 1994). 
Molecular Character 
Chloroplast Genome Structure 
21 SIX BASE PAIR DELETION AT ndhF BASE PAIRS 1915-1920.0 = deletion absent 1 - deletion 
present 
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Appendix 3. Data Matrix. Taxon vouchers as reported in Appendix 1, characters and 
character-state codings as reported in Appendix 2. ?= missing data, /= character inapplicable. 
1 2 3 4 5 6 7 8 9 10 11 12131415 16 17 18 1920 21 
Charpovata 10 13 3 1 5 0 5 0 0 4 10 0 0 2 0 1 0 0 
Charpentiera 10 13 3 1 5 0 5 0 0 4 10 0 0 2 0 1 0 0 
Chamissoa 10 2 1/3 1/3 0 5 0 5 0 0 4 10 0 0 0 0 1 0 0 
A.blitoides 10 2 1 1 0 4/5 04/5 0 0 2 0 0 0 0 10 10 0 
A.retroflexus 10 2 1 1 0 5 0 5 0 0 4 0 0 0 0 0 0 1 0 0 
Bosea 10 13 3 0 5 0 5 0 0 4 10 0 0 10 10 0 
Deeringia 10 13 3 0 5 0 5 0 0 4 10 1 0 10 10 0 
Celosia 10 13 3 0 5 0 5 0 0 4 10 1 0 0 0 1 0 0 
Pleuropetalum 10 13 3 0 5 0 5 0 0 4 10 1 0 10 10 0 
Hermbstaedtia 1 0  1 1 / 3  1 / 3  0 5 0 5 0 0 4 10 1 0 0 0 1 0 0 
Achyranthes 1 1 1 3  3  1 5 0 5 0 0 4 10 0 0 ? 0 10 0 
Aerva 1 0 2 3 3 1 5 0 5 0 0 4 10 0 0 2 0 1 0 0 
Pandiaka 1 1 1 3  3  1 5 0 5 0 0 4 10 0 0 2 0 1 0 0 
Ptilotus 10 13 3 1 5 0 5 0 0 4 10 0 0 2 0 1 0 0 
Pupalia 1 1 1 1  1  1 5 0 5 0 0 4 10 0 0 3 0 1 0 0 
Calicorema 10 13 3 1 5 0 5 0 0 4 10 0 0 2 0 1 0 0 
Notohumile 1 1 1 3  3  1 4 0 4 0 0 3 10 0 0 2 0 1 0 0 
Froelichia 1 1 1 3  3  15 15 1 0  4  1 1 0  0 2 0 1 0 0 
Alternanthera 12 13 3 1 5 0 5 0 0  4  1 1 0  0 2 0 1 0 0 
Altcaracasana 12 13 3 1 5 0 5 0 0  4  1 1 0  0 2 0 1 0 0 
Gomphrena 1 1 1 3  3  1 5 0 5 0 0  4  1 1 0  0 2 0 1 0 0 
Gossypianthus 12 13 3 1 5 0 5 0 0  4  1 1 0  0 2 0 1 0 0 
Blutaparon 1 1 1 3  3  1 5 0 5 0 0  4  1 1 0  0 2 0 1 0 0 
Guilleminea 12 13 3 15 15 1 0  4  1 1 0  0 2 0 1 0 0 
Tidestromia 12 13 3 1 5 0 5 0 0  4  1 1 0  0 ? 0 10 0 
Hemichroa 1 1 1 2  2  1 5 0 5 0 0  1 1 0  0  0 3 0 1 0 0 
Polycnemum 10 12 2 1 5 0 5 0 0 4 10 0 0 2 0 1 0 0 
Nitrophila 1 1 1 2  2  1 5 0 5 0 0 4 10 0 0 2 0 1 0 0 
Beta 10 10 0 2 5 15 1 0 4 0 0 0 0 3 0 1 0 0 
Hablitzia 10 11 1 0 5 15 1 0 4 0 0 0 0 0 0 1 0 0 
Agriophyllum 10 11 1 0 5 0 5 0 0 3 0 0 0 0 10 10 0 
Monolepis 10 10 0 2 1 / 1 0 0 0 0 0 0 0 10 10 0 
Salicornia 0  1 1 0  0  2 3 13 1 0 10 0 0 0 2 0 1 0 0 
Allenrolfea 0 0 10 0 2 4 0 4 0 0 10 0 0 0 2 0 1 0 0 
Suaeda moquinii 10 13 3 0 5 15 1 0 4 0 0 0 1 2 0 10 0 
Suaeda calc. 10 13 3 0 5 15 1 0/1 4 0 0 0 1 2 0 10 0 
Salsola 10 13 3 0 5 15 1 1 4 0 0 0 1 2 0 10 0 
Halogeton 10 13 3 0 5 15 1 1 1/21 0 0 1 2 0 10 0 
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1 2 3 4 5 6 7 8 9 10 1112 13 14 15 16 1718 1920 21 
Sclerolaena 10 1 1 1 0 4 14 1 1 3 ? 0 ) 0 2 0 1 0 1 
Enchylaena 10 10 0 2 5 0 5 0 0 4 0 0 0 0 2 0 1 0 1 
Cycloloma 10 11 1 0 5 15 1 14 0 0 0 0 2 0 1 0 0 
Bassia 10 11 1 0 5 15 1 14 0 0 0 0 2 0 1 0 1 
Kochia 10 11 1 0 5 15 1 14 0 0 0 0 2 0 1 0 1 
Einadia 1 0 2 0 0 / 5 1 5 1 0 10 0 0 0 2 0 1 0 0 
Chen.rubrum 10 10 0 / 5 1 5 1 0 4 ? 0 0 0 2 0 1 0 0 
C.quinoa 10 10 0 / 5 1 5 1 0 4 ? 0 0 0 2 0 1 0 0 
C.cristatum 10 10 0 / 5 1 5 1 0 4 ? 0 0 0 2 0 1 0 0 
Dysphania 10 10 0 / 5 1 5 1 0 4 0 0 0 0 2 0 1 0 0 
Archiatriplex 1 ? 2 0 2 1  5  13 /4  0  0 4 0 0 0 0 10 10 0 
Atriplex 1 0 2 0 2 1 5  1 0 /  / 4 1 0 0 0 10 10 0 
Atr.tnmcata 1 0 2 0 2 1 5  1 0 /  / 4 1 0 0 0 10 10 0 
Grayia 1 0 2 0 2 1 5  1 0 /  / 4 1 0 0 0 10 10 0 
Kraschen. 1 0 2 0 2 1 5  1 0 /  / 4 1 0 0 0 10 10 0 
Spinacia 1 0 2 0 2 14 /5  1  0  /  / 3/4 0 0 0 0 10 10 0 
Phaulothamnus 10 2 1 1 0 4 0 4 0 0 5 0 0 0 0 1 0 0 1 0 
Lychnis 1 1 1 0  0  / 5 1 5 1 0 5 0 0 1 0 0 1 0 10 
Silene 1 1 2  0  0  / 5 1 5 1 0 5 0 0 1 0 0 1 0 10 
niecebrum 1 1 1 0  0  / 5 0 5 0 0 4 0 0 0 0 0 1 0 1 0 
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Chapter IV: A New Species of Amaranthus (Amaranthaceae) from Central Mexico 
(Donald Pratt, I. Sanchez del-Pino and M. H. Flores) 
Abstract 
A new species of Amaranthus from Central Mexico is described, illustrated, and 
compared to putatively related species. Amaranthus sp. nov. is a monoecious species 
characterized by its long bracts, (0-) 3-4 minute pistillate sepals, and indehiscent, to 
circumscissily dehiscent or irregularly bursting fruits. Infrageneric placement of A neeanus. is 
discussed along with problems with current infrageneric treatments of Amaranthus. 
Introduction 
Amaranthus (Amaranthaceae) is a genus of about 70 species of monoecious or 
dioecious annuals of worldwide distribution. The genus is economically important, containing 
the cultivated grain amaranths (A. caudatus, A. cruentus, and A. hypochondriacus) and 
potherbs (A. tricolor), all of which also are grown as ornamentals. Amaranthus also contains 
a suite of important agricultural and range weeds including A. albus, A. hybridus (smooth 
pigweed), A. palmeri (palmer amaranth), A. powellii (powell amaranth), A. retroflexus (redroot 
pigweed), A. spinosus (spiny pigweed), and A tuberculatus (waterhemp). 
Amaranthus is distinguished by minute, unisexual, unibracteate, and uniovulate 
flowers aggregated into compact, compound dichasia. Dichasia either are found in the axils of 
leaves, or are aggregated into elongating, terminal or axillary stems. The inflorescence is then 
an indeterminate heterocladic thyrse with dichasial partial inflorescences (Weberling 1992; 
Pratt and Clark 2001), although these complex inflorescence structures are usually 
inaccurately referred to as "terminal or lateral spikes or panicles". The genus has been 
divided into three subgenera subg. Amaranthus, subg. Acnida (L.) Aellen ex K. R. Robertson, 
the dioecious amaranths, and subg. Albersia (Kunth) Gren. and Godr (Mosyakin and 
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Robertson 1996) based on breeding system, inflorescence, sepal number, and fruit characters 
(Table 1). 
The species was discovered while examining loans of Mexican representatives of the 
weedy species A. hybridus. Included in the loans were anomalous specimens that fit no 
known species circumscription. Mexican specialists in Amaranthus confirmed that these 
specimens represented a previously undescribed species of Amaranthus, which they had also 
recently collected in central Mexico. Here we describe A. neeanus as a new species endemic 
to central Mexico and discuss its placement within currently held subgeneric and tribal 
circumscriptions of Amaranthus. 
NOTE ON STAMINATE FLORAL MORPHOLOGY 
A uniseriate perianth consisting of five tepals is the plesiomorphic condition for the 
Chenopodiaceae-Amaranthaceae alliance (Judd et al. 2002; Chapter m, this work). Tepals 
are diagnosed as sepals based on the insertion of stamens opposite them. In general, 
staminate flowers have been ignored in the taxonomic literature of Amaranthus, although two 
staminate floral characters, staminate sepal number and stamen number, may be 
phylogenetically informative. Generally, stamen and sepal number are the same and each 
sepal will bear a stamen opposite it 
An odd character of staminate sepals in Amaranthus is their insertion in two whorls, 
and outer and inner (Pratt and Clark, Figure 1C). Outer and inner sepals are often dimorphic 
in size and shape (Sauer 1955; Pratt and Clark 2001). Despite this dimorphism and insertion 
pattern, the outer and inner perianth members are all regarded as sepals. However, 
development of staminate sepal insertion within Amaranthus needs to be further investigated. 
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Taxonomic Treatment 
Amaranthus neeanus Pratt, Sanchez, Olvera, sp. nov. (Figure 1). 
TYPE: Mexico. Puebla: San Miguel de Zoapan, northwestern slopes of Pico de 
Orizaba. Ruderal weed growing in the village but not in the surrounding maize fields. 
19°05'N, 97*21'W, 2900 m, 7 Sept. 1986, M Nee 33033 (holotype: MEXU; isotypes: 
CANB, MO, NY, TEX, WIS, XAL). 
Herbae annui, monoici. Rami crecti. Folia alterna, glabra, petiolata, estipulata; 
laminae ovatae, ad apicem acuta (vel interdum obtuse) et mucronulata, basim attenuata-
cuneata. Inflorescentia thyrsus heterocladus dichasio. Flores staminata unibracteata; bracteae 
costa longa; perianthia 4 vel 5 sepalis; stamina 4 vel 5. Flores pistillata unibracteata; bracteae 
costa longa; perianthia (0-) 3-4 (-5) sepalis minimis, inconsipicuissimis, appressis ad fructum; 
o varia uniovulata, sty lis carentibus, stigmatibus 2 vel 3. Fructus indehiscens vel 
circumscissiliter dehiscens vel irregulariter reftingens. 
Monoecious, annual herbs. Stems and branches erect, vestiture sparse, of uniseriate 
trichomes, becoming dense and evident near the inflorescences. Leaves alternate, glabrous, 
petiolate, estipuiate, sometimes with purple V-shaped marks on young leaves; blades ovate, 
apex acute (sometimes obtuse) and mucronulate, base attenuate-cuneate. Inflorescence an 
indeterminate heterocladic thyrse with dichasial partial inflorescences (sensu Weberling 
1992). Staminate flowers unibracteate; bract lamina 1.5-2.0 mm long, 0.4-0.7 mm wide, 
lanceolate, membranous, conduplicate and enclosing developing, immature flowers, apex 
decurrent along midrib, midrib 3.0-4.5 mm long, greatly exceeding the bract lamina and the 
perianth; perianth of 4 or 5 well-developed sepals, outer sepals 1.7-2.25 mm long, 0.5-0.6 (-
0.75) mm wide, slightly conduplicate, cup-like, enfolding the other three, midrib not evident, 
inner sepals 1.5-2.0 (-2.25) mm long, (0.2-) 0.4-0.6 mm wide, planar, in an overlapping ring 
around the stamens, oblong to linear, midrib not evident; stamens 4-5. Pistillate flowers 
unibracteaie; bract lamina 1.5-2.0 mm long, 0.5-1.0 mm wide, ovate, membranous, 
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conduplicate and enclosing developing, immature flowers, apex decurrent along midrib, midrib 
(3.0-) 3.5-5.0 mm long, greatly exceeding bract lamina, flowers, and fruits; perianth absent or 
more commonly present of (2-) 3-4 (-5) minute sepals 0.4-1.0 mm long, 0.1-0.5 mm wide, 
closely appressed against the utricle and of the same color, not evident without close 
examination, linear to oblong, apex acute, base truncate, midrib absent; ovary uniovulate, style 
absent, stigmas two to three, long and feathery, often poorly preserved and appearing short 
due to breakage, persistent in finit Fruit a single-seeded utricle 1.5-2.0 mm long, (1.0-) 1.2-
1.5 mm wide, ovate to orbicular, papery, bladder-shaped, indehiscent, dehiscent with a 
circumscissile cap, or irregularly bursting, sometimes polymorphic on a single individual; seed 
1.0-1.5 mm diameter, lustrous brown or black, lenticular, embryo annular. 
DISTRIBUTION 
Central Mexico, states of Puebla and Veracruz, inhabiting waste sites. 
ADDITIONAL SPECIMENS EXAMINED. 
MEXICO. Veracruz: Altotonga,? June 1974, A. Ramos & J. M. Fernandez R-58 (F). 
Discussion 
Amaranthus neeanus is named after the Mike Nee of the New York Botanical 
Gardens, in honor of his dedicated collection of Latin American Amaranthaceae. Amaranthus 
neeanus. bears some similarity to A. hybridus L., but is distinct based on its long bracts and 
minute pistillate sepals lacking an evident midrib (Table 2). The type collection (Nee 33033) 
is labeled as A. hybridus vel aff., thus indicating uncertainty of the specimen's affinities, and 
one of the isotypes (WIS!) bears an annotation label identifying it as A hybridus. One other 
specimen of A. neeanus (Ramos and Fernandez R-58 F!) had been sent for identification with 
a loan of A. hybridus. Specimens of A. neeanus thus consistently appear to have been 
misidentified as A. hybridus, or to have been placed among unidentified specimens. 
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The taxonomic affinities of A. neenanus are not clear, and the species bears features 
diagnostic of several subgenera and sections (Table 3). The difficulties in placing A. neeanus 
are two fold: 1) there is no phylogenetic framework for Amaranthus; and 2) the 
morphological characters upon which current subgenera and tribes have been diagnosed 
(breeding system, inflorescence structure, and fruit dehiscence) are of uncertain taxonomic 
utility and phylogenetic distribution (Eliasson 1988). Amaranthus neeanus thus highlights 
the need for further phylogenetic and taxonomic analysis of Amaranthus. We therefore 
decline to place A. neeanus within any of the current (Mosyakin and Robertson 1996) 
subgenera or sections at this time. 
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Table 1. Diagnostic characteristic» of the subgenera of Amaranthus. 
Breeding Inflorescence Sepal Dehsiscence 
Subg. Amaranthus Monoecious "Terminal" 5 Dehiscent1 
Subg. Acnida Dioecious "Terminal" 0-52 Variable3 
Subg .Albersia Monoecious Axillary 3-5 Indehiscent4 
'Excepting Amaranthus bouchonii which is indehiscent 
2Sect. Acnida have 0-2 sepals and sect. Saueranthus have 5 sepals 
3Sect Acnida are indehiscent (except for A. tuberculatus which can is polymorphic for 
dehsiscence) and sect. Saueranthus are dehiscent 
^Excepting sect Pyxidium which are dehiscent 
Table 2. Distinguishing characters of Amaranthus hybridus and A. neeanus. All 
characters refer to pistillate flowers. 
Amaranthus hybridus Amaranthus neeanus 
Bract size 2.00-3.00 mm 3.5-4.0 mm 
Sepal number 5 absent or (2-) 3-4 (-5) 
Sepal size > 1.00 mm < 1.00 mm 
Sepal midrib Present Absent 
Dehiscence Regular Irregular 
Table 3. Character-states of Amaranthus neeanus and infrageneric taxa bearing 
similar character-states. All sepal characters refer to pistillate sepal characters, 
Inflorescence arch. = inflorescence architecture. 
A neeanus Infrageneric taxa 
Breeding System Monoecious subg. Amaranthus 
subg. Albersia 
Inflorescence arch. "terminal" subg. Amaranthus 
subg. Acnida 
Sepal number absent or 2-4 subg. Acnida sect. Acnida 
subg. Albersia 
Sepal size < 1mm subg. Acnida sect Acnida 
Sepal midrib lacking subg. Acnida sect Acnida 
Dehiscence dehiscent or indehiscent subg. Acnida sect Acnida 
Figure 1. Amaranthus neeanus. A. Composite view of inflorescence. B.-D. Pistillate 
flowers and fruits; B. indehiscent fhlit; C. Dehiscent fruit; D. dehiscent fruit, exploded 
view. E. Staminate flower, f ~ fruit; fc = fruit cap; pb = primary bract; s = seed; spl = 
sepal. 
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Chapter V: General Conclusions 
General Discussion 
Previous research has focused on phytogeny of the Caryophyllales (Manhart and 
Rettig 1994; Downie and Palmer 1994; Downie et al. 1997; Cuénoud et al. 2002), but there 
has been little phylogenetic work on the Chenopodiaceae-Amaranthaceae alliance, despite 
their economical and ecological importance. There has been a similar lack of critical 
morphological analysis for the Chen-Am alliance. 
Phylogenetic analysis of ndhF gene sequence data reveals a monophyletic 
Amaranthaceae and a paraphyletic Chenopodiaceae consisting of four major clades: 1) 
Amaranthaceae-Polycnemoideae; 2) Chenopodieae-Atripliceae; 3) Salicornioideae-
Salsoloideae; and 4) Beteae. Branching order of the four clades is unresolved. 
Within Amaranthaceae subfamily Gomphrenoideae is resolved as monophyletic, and 
Amaranthoideae is resolved as paraphyletic. Tribe Cetosieae is weakly supported as 
monophyletic and is embedded within a paraphyletic Amarantheae. 
Within Chenopodiaceae, subfamily Polycnemoideae is resolved as monophyletic and 
sister to Amaranthaceae. The large subfamily Chenopodioideae is polyphyletic, with tribes 
Camphorosmeae and Sclerolaeneae forming a monophyletic lineage within the Salicoroioideae-
Salsoloideae clade. Tribe Beteae forms its own monophyletic lineage. Tribes Chenopodieae 
and Atripliceae form a monophyletic lineage, although the tribes as currently circumscribed 
are polyphyletic. Subfamilies Salicomioideae and Saisoloideae together form a monophyletic 
lineage. Salicomioideae are apparently monophyletic. Subfamily Saisoloideae is resolved as 
paraphyletic by the exclusion of Suaeda, which is sister to Salicomioideae. 
Morphological analysis yields potentially phylogenetically and taxonomically 
informative patterns. While the characters traditionally used to diagnose the Amaranthaceae 
and the Chenopodiaceae arc of questionable taxonomic value (Judd et al. 2002), we here 
diagnose several potential synapomorphies (sepals free, filaments connate, and bracts 
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disarticulating) for the Amaranthaceae-Polycnemoideae clade, although filament connation and 
bract disarticulation need to be further analyzed with an expanded sampling. 
The Celosieae, which have been postulated to have a "basal" position within the 
Chenopodiaceae-Amaranthaceae alliance based on ovule number (Cronquist 1981) are here 
shown to be embedded within the Amaranthaceae, and ovule number is shown to be a derived 
character-state that is correlated to dispersal unit. 
Spiral embryos, which have been used to diagnose the Saisoloideae as a "natural" 
lineage (Williams and Ford-Lloyd Scott 1977), are here shown to have been either derived or 
lost multiple times within the evolution of the Salicomioideae-Salsoloideae, and the 
Saisoloideae are shown to be paraphyletic. 
A new form of pattern of branching associated with opposite phyllotaxy is here 
described. Finding the guilleminoid pattern of branching highlights both the need of critical, 
morphological examination in the Chen-Am alliance, as well as the potential of such continued 
studies. Additionally, we here present a clearly defined terminology for the amaranthaceous 
bract apparatus that can be used to unambiguously compare bract structures within the 
Amaranthaceae-Polycnemoideae. 
The discovery of a previously undescribed species of Amaranthus while examining 
specimens of A. hybridus shows the need for continued species-level taxonomic research. 
The Chenopodiaceae-Amaranthaceae alliance has numerous large genera (e.g., Amaranthus, 
Alternanthera, Atriplex, Chenopodium, and Ptilotus) that need continued research. 
Recommendations for Further Research 
The data presented here are based on a single gene data set developed as part of a 
collaborating working group. Other researchers are sequencing matK and rbcL (Borsch In 
Prep.). Additionally we will need to develop nuclear gene sequence data. It is hoped that by 
increasing the number of independent data sets that we will be able to establish the branching 
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order of the four main clades of the Chenopodiaceae-Amaranthaceae alliance, which will allow 
us to erect a revised, phylogenetically informed taxonomy. 
ndhF gene sequence data as here presented suggest that additional taxonomic sampling 
is needed, particularly from the Amaranthinae, the Beteae, and the Corispermeae. The 
monophyletic Chenopodieae-Atripliceae need a greatly expanded sampling, including multiple 
taxa from the large genera Chenopodium and Atriplex, both of which may be polyphyletic 
(Flores and Davis 2001). 
The Chenopodieae-Atripliceae clade morphologically is particularly interesting, as the 
tribes Chenopodieae and Atripliceae are polyphyletic based on molecular data presented here 
and previously (Downie et al. 1997; Cuénoud 2002). However, the Atripliceae are diagnosed 
based on a suite of several floral characters. The distinctive floral morphology of the 
Atripliceae has apparently been derived at least three times in the evolution of the 
Chenopodieae-Atripliceae clade as here optimized. Tests of correlation show that the 
character states comprising this distinctive floral morphology are statistically correlated. An 
increased understanding of the phytogeny of the Chenopodieae-Atripliceae is needed before 
the evolution of the atriplicoid floral syndrome can be further analyzed. 
Part of the motivation for performing a family-level analysis was the desire to begin 
phylogenetic work on Amaranthus. Such work has been hampered by a lack of phylogenetic 
information within the Amaranthaceae, and the possibility thai Amaranthus was more closely 
related to Chenopodiaceae than to Amaranthaceae (Downie et al. 1997). Amaranthus is here 
demonstrated to be sister to Chamissoa, and the Amaranthus-Chamissoa clade is supported 
as sister to Celosieae. With this information in place it will be possible to begin phylognetic 
studies of Amaranthus using phylogenetically-based outgroup choices. 
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